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Abstract

We design an online algorithm to classify the vertices of a graph. Underpinning
the algorithm is the probability distribution of an Ising model isomorphic to the
graph. Each classification is based on predicting the label with maximum marginal
probability in the limit of zero-temperature with respect to the labels and vertices
seen so far. Computing these classifications is unfortunately based on a # P-
complete problem. This motivates us to develop an algorithm for which we give
a sequential guarantee in the online mistake bound framework. Our algorithm is
optimal when the graph is a tree matching the prior results in [1]. For a general
graph, the algorithm exploits the additional connectivity over a tree to provide a
per-cluster bound. The algorithm is efficient, as the cumulative time to sequen-
tially predict all of the vertices of the graph is quadratic in the size of the graph.

1 Introduction

Semi-supervised learning is now a standard methodology in machine learning. A common approach
in semi-supervised learning is to build a graph [2] from a given set of labeled and unlabeled data
with each datum represented as a vertex. The hope is that the constructed graph will capture either
the cluster [3]] or manifold [4] structure of the data. Typically, an edge in this graph indicates the
expectation that the joined data points are more likely to have the same label. One method to
exploit this representation is to use the semi-norm induced by the Laplacian of the graph [5. 4. 16, 7].
A shared idea of the Laplacian semi-norm based approaches is that the smoothness of a boolean
labeling of the graph is measured via the “cut”, which is just the number of edges that connect
disagreeing labels. In practice the semi-norm is then used as a regularizer in which the optimization
problem is relaxed from boolean to real values. Our approach also uses the “cut”, but unrelaxed, to
define an Ising distribution over the vertices of the graph.

Predicting with the vertex marginals of an Ising distribution in the limit of zero temperature was
shown to be optimal in the mistake bound model [1} Section 4.1] when the graph is a tree. The exact
computation of marginal probabilities in the Ising model is intractable on non-trees [8]]. However, in
the limit of zero temperature, a rich combinatorial structure called the Picard-Queyranne graph [9]
emerges. We exploit this structure to give an algorithm which 1) is optimal on trees, 2) has a
quadratic cumulative computational complexity, and 3) has a mistake bound on generic graphs that
is stronger than previous bounds in many natural cases.

The paper is organized as follows. In the remainder of this section, we introduce the Ising model
and lightly review previous work in the online mistake bound model for predicting the labeling of a
graph. In Section[2]we review our key technical tool the Picard-Queyranne graph [9]] and explain the
required notation. In the body of Section 3| we provide a mistake bound analysis of our algorithm
as well as the intractable 0-Ising algorithm and then conclude with a detailed comparison to the
state of the art. In the appendices we provide proofs as well as preliminary experimental results.

Ising model in the limit zero temperature. In our setting, the parameters of the Ising model
are an n-vertex graph G = (V(G), E(G)) and a temperature parameter 7 > 0, where V(G) =



{1,...,n} denotes the vertex set and F(G) denotes the edge set. Each vertex of this graph may
be labeled with one of two states {0, 1} and thus a labeling of a graph may be denoted by a vector
u € {0,1}" where u; denotes the label of vertex i. The cutsize of a labeling w is defined as
¢g(u) = 3 j)er(g) [wi — u;|. The Ising probability distribution over labelings of G is then

defined as p9(u) o exp (—%qﬁg(u)) where 7 > 0 is the temperature parameter. In our online
setting at the beginning of trial ¢ + 1 we will have already received an example sequence, Sy, of t
vertex-label pairs (i1, 1), ..., (i¢, y:) where pair (i,y) € V(G) x {0, 1}. We use p¥ (u, = y|S;) :=
Y (u, = ylui, = y1,...,u;, = y;) to denote the marginal probability that vertex v has label y
given the previously labeled vertices of S;. For convenience we also define the marginalized cutsize
¢g(u|S;) to be equal to ¢g(u) if u;, = y1,...,u;, = y; and equal to undefined otherwise. Our
prediction g,y of vertex i,y is then the label with maximal marginal probability in the limit of
zero temperature, thus

gjgﬂ_l(iHl\St) := argmax lim p?_(uit)rl =yluiy, = Y1y, U, = Yt) - [0-Ising] (1)
ye{0,1} 770

Note the prediction is undefined if the labels are equally probable. In low temperatures the mass
of the marginal is dominated by the labelings consistent with S; and the proposed label of vertex
i¢+1 of minimal cut; as we approach zero, ¢, is the label consistent with the maximum number of
labelings of minimal cut. Thus if k := erﬁ)illl}n(ﬁg(u|8 ) then we have that

ﬂm(’U|S) _ {O |u € {07 1}n : ¢g(u|(8, (U,O))) = k' > |u € {07 1}n : ¢g(u|(8, (U, 1))) = k'
1 |u € {07 1}n : ¢g(u|(87 (v,0))) = k' <|ue {07 1}n : ¢g(u|(87 (v,1))) = k' .

The problem of counting minimum label-consistent cuts was shown to be #P-complete in [10] and
further computing ¢ (v|S) is also NP-hard (see Appendix . In Section we introduce the
Picard-Queyranne graph [9] which captures the combinatorial structure of the set of minimum-cuts.
We then use this simplifying structure as a basis to design a heuristic approximation to ¢ (v|S) with
a mistake bound guarantee.

Predicting the labelling of a graph in the mistake bound model. We prove performance guaran-
tees for our method in the mistake bound model introduced by Littlestone [[11]. On the graph this
model corresponds to the following game. Nature presents a graph G; Nature queries a vertex
i1 € V(G) = IN,,; the learner predicts the label of the vertex §1 € {0,1}; nature presents a
label y1; nature queries a vertex io; the learner predicts gs; and so forth. The learner’s goal is
to minimize the total number of mistakes M = |{¢ : §; # y;}|. If nature is adversarial, the learner
will always make a “mistake”, but if nature is regular or simple, there is hope that a learner may
incur only a few mistakes. Thus, a central goal of online learning is to design algorithms whose
total mistakes can be bounded relative to the complexity of nature’s labeling. The graph labeling
problem has been studied extensively in the online literature. Here we provide a rough discussion of
the two main approaches for graph label prediction, and in Section we provide a more detailed
comparison. The first approach is based on the graph Laplacian [12} |13\ [14]; it provides bounds that
utilize the additional connectivity of non-tree graphs, which are particularly strong when the graph
contains uniformly-labeled clusters of small (resistance) diameter. The drawbacks of this approach
are that the bounds are weaker on graphs with large diameter and that the computation times are
slower. The second approach is to estimate the original graph with an appropriately selected tree or
“path” graph [15} 16} [1} [17]]; this leads to faster computation times, and bounds that are better on
graphs with large diameters. The algorithm t reeOpt [1] is optimal on trees. These algorithms may
be extended to non-tree graphs by first selecting a spanning tree uniformly at random [16]] and then
applying the algorithm to the sampled tree. This randomized approach enables expected mistake
bounds which exploit the cluster structure in the graph.

The bounds we prove for the NP-hard 0—-Ising prediction and our heuristic are most similar to the
“small p” bounds proven for the p-seminorm interpolation algorithm [14]. Although these bounds
are not strictly comparable, a key strength of our approach is that the new bounds often improve
when the graph contains uniformly-labeled clusters of varying diameters. Furthermore, when the
graph is a tree we match the optimal bounds of [1]. Finally, the cumulative time required to compute
the complete labeling of a graph is quadratic in the size of the graph for our algorithm, while [14] re-
quires the minimization of a non-strongly convex function (on every trial) which is not differentiable
when p — 1.



2 Preliminaries

An (undirected) graph G is a pair of sets (V, E) such that F is a set of unordered pairs of distinct
elements from V. We say that R is a subgraph R C G iff V(R) C V(G) and E(R) = {(¢,7) :
i,7 € V(R),(i,j) € E(G)}. Given any subgraph R C G, we define its boundary (or inner border)
0o(R), its neighbourhood (or exterior border) J.(R) respectively as 0y(R) :={j : i € V(R),j €
V(R),(i,5) € E(G)},and 0.(R) :={i: i € V(R),j € V(R),(i,j) € E(G)}, and its exterior
edge border 0F(R) := {(i,5) : i € V(R),j € V(R), (i,j) € E(G)}. The length of a subgraph
P is denoted by |P| := | E(P)| and we denote the diameter of a graph by D(G). A pair of vertices
v,w € V(G) are k-connected if there exist x edge-disjoint paths connecting them. The connectivity
of a graph, x(G), is the maximal value of x such that every pair of points in G is k-connected. The
atomic number N,;(G) of a graph at connectivity level « is the minimum cardinality ¢ of a partition
of G into subgraphs {R1,...,R.} such that K(R;) > kforall 1 <i < ec.

Our results also require the use of directed-, multi-, and quotient- graphs. Every undirected graph
also defines a directed graph where each undirected edge (¢, j) is represented by directed edges (i, j)
and (j,4). An orientation of an undirected graph is an assignment of a direction to each edge, turning
the initial graph into a directed graph. In a multi-graph the edge set is now a multi-set and thus there
may be multiple edges between two vertices. A quotient-graph G is defined from a graph G and
a partition of its vertex set {V;}, so that V(G) := {V;}}¥, (we often call these vertices super-
vertices to emphasize that they are sets) and the multiset E(G) := {(I,J) : I[,J € V(G),I # J,i €
I,jeJ(i,j) € E(G)}. We commonly construct a quotient-graph G by “merging” a collection of
super-vertices, for example, in Figure om to 2b| where 6 and 9 are merged to “6/9” and also
the five merges that transforms [2c|to[2d|

The set of all label-consistent minimum-cuts in a graph with respect to an example sequence S is
UG (S) = argmin,e (o 13 ¢g(u|S). The minimum is typically non-unique. For example in Fig-

ure [2a] the vertex sets {vy,...,v4}, {vs,...,v12} correspond to one label-consistent minimum-cut
and {v1,...,v5,v7,08},{ve, Vg ..., v12} to another (the cutsize is 3). The (uncapacitated) maxi-

mum flow is the number of edge-disjoint paths between a source and target vertex. Thus in Figure [2b]
between vertex “1” and vertex “6/9” there are at most 3 simultaneously edge-disjoint paths; these are
also not unique, as one path must pass through either vertices (v11,v12) or vertices (vy1, v19, U12).
Figure[2c|illustrates one such flow F (just the directed edges). For convenience it is natural to view
the maximum flow or the label-consistent minimum-cut as being with respect to only two vertices
as in Figure 2a) transformed to Figure 2b] so that % <+ merge (G, {ve,v9}). The “flow” and the
“cut” are related by Menger’s theorem which states that the minimum-cut with respect to a source
and target vertex is equal to the max flow between them. Given a connected graph 7 and source
and target vertices s, ¢ the Ford-Fulkerson algorithm [18] can find k edge-disjoint paths from s to ¢
in time O(k|E(H)|) where k is the value of the max flow.

2.1 The Picard-Queyranne graph

Given a set of labels there may be multiple label-consistent minimum-cuts as well as multiple max-
imum flows in a graph. The Picard-Queyranne (PQ) graph [9] reduces this multiplicity as far as is
possible with respect to the indeterminacy of the maximum flow. The vertices of the PQ-graph are
defined as a super-vertex set on a partition of the original graph’s vertex set. Two vertices are con-
tained in the same super-vertex iff they have the same label in every label-consistent minimum-cut.
An edge between two vertices defines an analogous edge between two super-vertices iff that edge is
conserved in every maximum flow. Furthermore the edges between super-vertices strictly orient the
labels in any label-consistent minimum-cut as may be seen in the formal definition that follows.

First we introduce the following useful notations: let kg s := min{¢g(u|S) : u € {0,1}"} denote
the minimum-cutsize of G with respect to S; let i~ 7 denote an equivalence relation between vertices
in V(G) where i~ iff Vu € UG(S) = u; = uy; and then we define,

Definition 1 ([9]). The Picard-Queyranne graph G(G,S) is derived from graph G and non-trivial
example sequence S. The graph is an orientation of the quotient graph derived from the partition
{L,I,...,In_1,T} of V(G) induced by R. The edge set of G is constructed of kg s edge-disjoint
paths starting at source vertex 1 and terminating at target vertex T. A labeling u € {0,1}" is in
Ug(S) iff

1. v € L implies u; = 0andi € T implies u; = 1



2. 4,7 € H implies u; = u;
3.iel, jed, (I,J) € E(G), and u; = 1 implies u; =1
where 1 and T are the source and target vertices and H, I, J € V(G).

As G(G,S) is a DAG it naturally defines a partial order (V (G), <¢) on the vertex set where I <¢ .J
if there exists a path starting at I and ending at J. The least and greatest elements of the partial order
are 1 and T. The notation TR and | R denote the up set and down set of R. Given the set .{* of all
label-consistent minimum-cuts then if w € U* there exists an antichain A C V(G) \ {T} such that
u; = 0 when ¢ € I € | A otherwise u; = 1; furthermore for every antichain there exists a label-
consistent minimum-cut. The simple structure of G(G, S) was utilized by [9] to enable the efficient
algorithmic enumeration of minimum-cuts. However, the cardinality of this set of all label-consistent
minimum-cuts is potentially exponential in the size of the PQ-graph and the exact computation of
the cardinality was later shown #P-complete in [10]. In Figure[I]we give the algorithm from [9l[19]

PicardQueyranneGraph(graph: G; example sequence: S = (vi, yr)h_1)
1. (H,s,t) «+ SourceTargetMerge(G,S)
2. F «+ MaxFlow(H, s,t)
3. I+ (V(I),E(Z))where V(I):=V(H)and E(Z) :={(4,7) : (i,5) € E(H), (j,i) € F}
4. G° < QuotientGraph(StronglyConnectedComponents(Z), )
5. E(G)+ E(G%);V(G) + V(G°) except L(G) + L(G°) U {vy, : k € Ny, yz, = 0}
and T(G) < T(GY) U {vy, : k € Ny, ys, = 1}
Return: directed graph: G

Figure 1: Computing the Picard-Queyranne graph

(a) Graph G and S = ((v1,0), (vs, 1), (ve, 1)) (b) Graph H (step 1 in Figure

(c) Graph Z (step 3 in FigureE]) (d) PQ Graph G (step 4 in Flgure

Figure 2: Building a Picard-Queyranne graph

to compute a PQ-graph. We illustrate the computation in Figure 2| The algorithm operates first on
(G,S) (step 1) by “merging” all vertices which share the same label in S to create H. In step 2 a
max flow graph 7 C H is computed by the Ford-fulkerson algorithm. It is well-known in the case
of unweighted graphs that a max flow graph F may be output as a DAG of k edge-disjoint paths
where £ is the value of the flow. In step 3 all edges in the flow become directed edges creating Z.
The graph G is then created in step 4 from Z where the strongly connected components become the
super-vertices of G° and the super-edges correspond to a subset of flow edges from F. Finally, in



step 5, we create the PQ-graph G by “fixing” the source and target vertices so that they also have as
elements the original labeled vertices from & which were merged in step 1. The correctness of the
algorithm follows from arguments in [9]]; we provide an independent proof in Appendix
Theorem 2 ([9]). The algorithm in Figurecomputes the unique Picard-Queyranne graph G(G,S)
derived from graph G and non-trivial example sequence S.

3 Mistake Bounds Analysis

In this section we analyze the mistakes incurred by the intractable 0-Ising strategy (see (I))) and
the strategy longest-path (see Figure3). Our analysis splits into two parts. Firstly, we show
(Section Theorem ) for a sufficiently regular graph label prediction algorithm, that we may
analyze independently the mistake bound of each uniformly-labeled cluster (connected subgraph).
Secondly, the per-cluster analysis then separates into three cases, the result of which is summarized
in Theorem For a given cluster C when its internal connectivity is larger than the number of
edges in the boundary (x(C) > |0F(C)|) we will incur no more than one mistake in that cluster. On
the other hand for smaller connectivity clusters (x(C) < |0£(C)|) we incur up to quadratically in
mistakes via the edge boundary size. When C is a tree we incur O(|0F (C)|log D(C)) mistakes.

The analysis of smaller connectivity clusters separates into two parts. First, a sequence of trials in
which the label-consistent minimum-cut does not increase, we call a PQ-game (Section [3.2) as in
essence it is played on a PQ-graph. We give a mistake bound for a PQ-game for the intractable
0-Ising prediction and a comparable bound for the strategy longest-path in Theorem [§]
Second, when the label-consistent minimum-cut increases the current PQ-game ends and a new one
begins, leading to a sequence of PQ-games. The mistakes incurred over a sequence of PQ-games is
addressed in the aforementioned Theorem [I0]and finally Section [3.3]concludes with a discussion of
the combined bounds of Theorems 4] and[I0| with respect to other graph label prediction algorithms.

3.1 Per-cluster mistake bounds for regular graph label prediction algorithms

An algorithm is called regular if it is permutation-invariant, label-monotone, and Markov. An
algorithm is permutation-invariant if the prediction at any time ¢ does not depend on the order of
the examples up to time ¢; label-monotone if for every example sequence if we insert an example
“between” examples ¢ and £+ 1 with label y then the prediction at time ¢+ 1 is unchanged or changed
to y; and Markov with respect to a graph G if for any disjoint vertex sets P and () and separating set
R then the predictions in P are independent of the labels in () given the labels of R. A subgraph is
uniformly-labeled with respect to an example sequence iff the label of each vertex is the same and
these labels are consistent with the example sequence. The following definition characterizes the
“worst-case” example sequences for regular algorithms with respect to uniformly-labeled clusters.
Definition 3. Given an online algorithm A and a uniformly-labeled subgraph C C G, then B4(C; G)
denotes the maximal mistakes made only in C for the presentation of any permutation of examples
in 0.(C), each with label y, followed by any permutation of examples in C, each with label 1—y.

The following theorem enables us to analyze the mistakes incurred in each uniformly-labeled sub-
graph C independently of each other and independently of the remaining graph structure excepting
the subgraph’s exterior border 0, (C).

Theorem 4 (Proof in Appendix[D). Given an online permutation-invariant label-monotone Markov
algorithm A and a graph G which is covered by uniformly-labeled subgraphs Cy, . . . ,C. the mistakes
incurred by the algorithm may be bounded by M < >";_, B4(C;; G) .

The above theorem paired with Theorem[I0]completes the mistake bound analysis of our algorithms.

3.2 PQ-games

Given a PQ-graph G = G(G, S), the derived online PQ-game is played between a player and an
adversary. The aim of the player is to minimize their mistaken predictions; for the adversary
it is to maximize the player’s mistaken predictions. Thus to play the adversary proposes a vertex
z € Z € V(G), the player then predicts a label § € {0,1}, then the adversary returns a label
y € {0,1} and either a mistake is incurred or not. The only restriction on the adversary is to not
return a label which increases the label-consistent minimum-cut. As long as the adversary does not
give an example (z € L1,1) or (z € T,0), the label-consistent minimum-cut does not increase



no matter the value of y; which also implies the player has a trivial strategy to predict the label of
z € L UT. After the example is given, we have an updated PQ-graph with new source and target
super-vertices as seen in the proposition below.

Proposition 5. If G(G,S) is a PQ-graph and (z,y = 0) ((z,y = 1)) is an example with
2€Ze€V(G)and z & T (z & L) thenletZ = [{Z} (Z = t{Z}) then G(G, (S, (z,y))) =
merge(G(G,S),Z).

Thus given the PQ-graph G the PQ-game is independent of G and S, since a “play” z € V(G)
induces a “play” Z € V(G) (with z € Z).

Mistake bounds for PQ-games. Given a single PQ-game, in the following we will discuss the
three strategies fixed-paths, 0-Ising, and longest-path that the player may adopt
for which we prove online mistake bounds. The first strategy fixed-paths is merely motiva-
tional: it can be used to play a single PQ-game, but not a sequence. The second strategy 0-Ising
is computationally infeasible. Finally, the longest—-path strategy is “dynamically” similar to
fixed-paths but is also permutation-invariant. Common to all our analyses is a k-path cover
P of PQ-graph G which is a partitioning of the edge-set of G into k edge-disjoint directed paths
P := {p',...,p*} from L to T. Note that the cover is not necessarily unique; for example, in
Figure we have the two unique path covers Py := {(L, A, T),(L,A, B, T),(L,B,C,T)} and
Py ={(L,AT),(L, A B,C,T) (L B,T)} We denote the set of all path covers as P and thus
we have for Figure 2d|that P := { Py, P»}. This cover motivates a simple mistake bound and strat-
egy. Suppose we had a single path of length |p| where the first and last vertex are the “source”
and “target” vertices. So the minimum label-consistent cut-size is “1” and a natural strategy is sim-
ply to predict with the “nearest-neighbor” revealed label and trivially our mistake bound is log |p|.
Generalizing to multiple paths we have the following strategy.

Strategy fixed-paths(P): Given a PQ-graph choose a path cover {p',...,p*} = P € P(G).
If the path cover is also vertex-disjoint except for the source and target vertex we may directly use the
“nearest-neighbor” strategy detailed above, achieving the mistake upper bound M < Zle log [p¢].
Unsurprisingly, in the vertex-disjoint case it is a mistake-bound optimal [11]] algorithm. If, however,
P is not vertex-disjoint and we need to predict a vertex V' we may select a path in P containing V'
and predict with the nearest neighbour and also obtain the bound above. In this case, however, the
bound may not be “optimal.” Essentially the same technique was used in [20] in a related setting
for learning “directed cuts.” A limitation of the fixed-paths strategy is that it does not seem
possible to extend into a strategy that can play a sequence of PQ-games and still meet the regularity
properties, particularly permutation-invariance as required by Theorem 4]

Strategy 0-Ising: The prediction of the Ising model in the limit of zero temperature (cf. (I)),
is equivalent to those of the well-known Halving algorithm [21} [22] where the hypothesis class U/*
is the set of label-consistent minimum-cuts. The mistake upper bound of the Halving algorithm
is just M < log |U*| where this bound follows from the observation that whenever a mistake is
made at least “half” of concepts in U/* are no longer consistent. We observe that we may upper
bound [U/*| < argminpep g T12_, |p’| since the product of path lengths from any path cover P
is an upper bound on the cardinality of &/* and hence we have the bound in (Z). And in fact this
bound may be a significant improvement over the fixed-paths strategy’s bound as seen in the
following proposition.

Proposition 6 (Proof in Appendix[C). For every ¢ > 2 there exists a PQ-graph G, with a path cover
P" € P(G.) and a PQ-game example sequence such that the mistakes Mc; yey-parns(pr) = Q(c?),
while for all PQ-game example sequences on G the mistakes My_151nq = O(c).

Unfortunately the 0—I sing strategy has the drawback that counting label-consistent minimum-cuts
is #P-complete and computing the prediction (see (I))) is NP-hard (see Appendix[G).

Strategy longest-path: In our search for an efficient and regular prediction strategy it seems
natural to attempt to “dynamize” the fixed-paths approach and predict with a nearest neigh-
bor along a dynamic path. Two such permutation-invariant methods are the 1ongest-path and
shortest—-path strategies. The strategy shortest—-path predicts the label of a super-vertex
Z in a PQ-game G as 0 iff the shortest directed path (L, ..., Z) is shorter than the shortest directed
path (Z, ..., T). The strategy longest—path predicts the label of a super-vertex Z in a PQ-game
G as 0 iff the longest directed path (L, ..., Z) is shorter than the longest directed path (Z,...,T).
The strategy shortest-path seems to be intuitively favored over longest—path as it is just



Input: Graph: G, Example sequence: S = ((i1,0), (i2,1), (i3,¥3), - - -, (ie,e)) € (N, x {0,1})*
Initialization: Gs = PicardQueyranneGraph(G,Ss2)
fort=3,...,¢do
Receive: i; € {1,...,n}
I, =V e V(Gt) withi; € V
0 |longest-path(Gy, L, I;)|<|longest-path(Gy, Iy, T¢)|

Predict (1 t-path): g =
ict (longest-path): g {1 otherwise

Predict (0-Ising): D = 9" (34 Se—1) % as per equation (I))
Receive: y,
if (ir € Lyory: # 1) and (i¢ € T ory: # 0) then % cut unchanged

Guos = {merge(Gt,i{h}) ye =0

1 =

* merge (G, M{I;}) w =1

else % cut increases

G¢41 = PicardQueyranneGraph(G,St)
end

Figure 3: Longest-path and 0-Ising online prediction

the “nearest-neighbor” prediction with respect to the geodesic distance. However, the following
proposition shows that it is strictly worse than any fixed-paths strategy in the worst case.

Proposition 7 (Proof in Appendix[C). For every ¢ > 4 there exists a PQ-graph G and a PQ-game
example sequence such that the mistakes Mgporest—parn = $2(c? log(c)), while for every path cover
PeP(G.) and for all PQ-game example sequences on G the mistakes M; yeq pacns(p) = O(c?).

In contrast, for the strategy longest-paths in the proof of Theorem || we show that there al-
ways exists some retrospective path cover P,, € P(G) such that M, ngese-pacns < Zle log | p§p|.
Computing the “longest-path” has time complexity linear in the number of edges in a DAG.

Summarizing the mistake bounds for the three PQ-game strategies for a single PQ-game we have
the following theorem.
Theorem 8 (Proof in Appendix [C). The mistakes, M, of an online PQ-game for player strategies

fixed-paths(P), 0-Ising, and longest-path on PQ-graph G and k-path cover P €
P(G) is bounded by

S log |5 . fixed-paths(P)
M < { argminpep (g Z?:l log |p"‘\ 0-Ising . ()
argmaxpcp(g) SF_ log pf] longest-path

3.3 Global analysis of prediction at zero temperature

In Figure [3| we summarize the prediction protocol for 0-Ising and longest—-path. We claim
the regularity properties of our strategies in the following theorem.

Theorem 9 (Proof in Appendix [E). The strategies 0-Ising and longest-path are
permutation-invariant, label-monotone, and Markov.

The technical hurdle here is to prove that label-monotonicity holds over a sequence of PQ-games.
For this we need an analog of Proposition [5|to describe how the PQ-graph changes when the label-
consistent minimum-cut increases (see Proposition [I9). The application of the following theorem
along with Theorem [4| implies we may bound the mistakes of each uniformly-labeled cluster in
potentially three ways.

Theorem 10 (Proof in Appendix D). Given either the 0-Ising or longest—-path strategy A
the mistakes on uniformly-labeled subgraph C C G are bounded by

o(1) K(C) > [07(C)|
Ba(C;G) € { O (107(C)|(1 + 197 (C)] = K(C))log N(C))  £(C) < [0F(C)] 3)
O(|0F(C)|1og D(C)) C is a tree

with the atomic number N (C) := Njpz ¢y 4+1(C) < [V(C)].



First, if the internal connectivity of the cluster is high we will only make a single mistake in that clus-
ter. Second, if the cluster is a tree then we pay the external connectivity of the cluster |0F (C)| times
the log of the cluster diameter. Finally, in the remaining case we pay quadratically in the external
connectivity and logarithmically in the “atomic number” of the cluster. The atomic number captures
the fact that even a poorly connected cluster may have sub-regions of high internal connectivity.
Computational complexity. If G is a graph and S§ an example sequence with a label-consistent
minimum-cut of ¢ then we may implement the 1 onge st —path strategy so that it has a cumulative
computational complexity of O(max(¢, n) |E(G)|). This follows because if on a trial the “cut” does
not increase we may implement prediction and update in O(|E(G)|) time. On the other hand if the
“cut” increases by ¢’ we pay O(¢'|E(G)|) time. To do so we implement an online “Ford-Fulkerson”
algorithm [18]] which starts from the previous “residual” graph to which it then adds the additional
¢’ flow paths with ¢’ steps of size O(|E(G))).

Discussion. There are essentially five dominating mistake bounds for the online graph labeling prob-
lem: (I) the bound of t reeOpt [1]] on trees, (II) the bound in expectation of t reeOpt on a random
spanning tree sampled from a graph [[1]], (IIT) the bound of p—seminorm interpolation [14]
tuned for “sparsity” (p < 2), (IV) the bound of p-seminorm interpolation as tuned to be
equivalent to online label propagation [5] (p = 2), (V) this paper’s longest-path strategy.

The algorithm treeOpt was shown to be optimal on trees. In Appendix [F] we show that
longest-path also obtains the same optimal bound on trees. Algorithm (II) applies to generic
graphs and is obtained from (I) by sampling a random spanning tree (RST). It is not directly com-
parable to the other algorithms as its bound holds only in expectation with respect to the RST.

We use [14, Corollary 10] to compare (V) to (III) and (IV). We introduce the following simpli-
fying notation to compare bounds. Let Cy,...,C. denote uniformly-labeled clusters (connected
subgraphs) which cover the graph and set x, := x(C,) and ¢, := [0F(C,)|. We define D, ;) to
be the wide diameter at connectivity level i of cluster C,.. The wide diameter D,.(; is the minimum
value such that for all pairs of vertices v, w € C, there exists ¢ edge-disjoints of paths from v to w of
length at least D,.; in C, (and if i > k,. then D,.(;) := +00). Thus D, is the diameter of cluster
Crand D, ;) < D,y < ---. Let ¢ denote the minimum label-consistent cutsize and observe that
if the cardinality of the cover [{C1, ..., C.}| is minimized then we have that 2¢ = Y7_, ¢,.

Thus using [14} Corollary 10] we have the following upper bounds of (III): (¢/x*)? log D* + ¢ and
(IV): (¢/K*)D* + ¢ where k* := min, &, and D* := max, D, (x*). In comparison we have (V):
> vy max(0, ¢, — Ky + 1)¢, log N;| + ¢ with atomic numbers N, := Ny, 11(C,). To contrast
the bounds, consider a double lollipop labeled-graph: first create a lollipop which is a path of n/4
vertices attached to a clique of n/4 vertices. Label these vertices 1. Second, clone the lollipop
except with labels 0. Finally join the two cliques with n/8 edges arbitrarily. For (II) and (IV)
the bounds are O(n) independent of the choice of clusters. Whereas an upper bound for (V) is the
exponentially smaller O(log n) which is obtained by choosing a four cluster cover consisting of the
two paths and the two cliques. This emphasizes the generic problem of (III) and (IV): parameters
k* and D* are defined by the worst clusters; whereas (V) is truly a per-cluster bound. We consider
the previous “constructed” example to be representative of a generic case where the graph contains
clusters of many resistance diameters as well as sparse interconnecting “background” vertices.

On the other hand, there are cases in which (III,IV) improve on (V). For a graph with only small
diameter clusters and if the cutsize exceeds the cluster connectivity then (IV) improves on (IIL,V)
given the linear versus quadratic dependence on the cutsize. The log-diameter may be arbitrarily
smaller than log-atomic-number ((III) improves on (V)) and also vice-versa. Other subtleties not
accounted for in the above comparison include the fact a) the wide diameter is a crude upper bound
for resistance diameter (cf. [14, Theorem 1]) and b) the clusters of (IILIV) are not required to be
uniformly-labeled. Regarding “a)” replacing “wide” with “resistance” does not change the fact
the bound now holds with respect to the worst resistance diameter and the example above is still
problematic. Regarding “b)” it is a nice property but we do not know how to exploit this to give
an example that significantly improves (III) or (IV) over a slightly more detailed analysis of (V).
Finally (III,IV) depend on a correct choice of tunable parameter p.

Thus in summary (V) matches the optimal bound of (I) on trees, and can often improve on (IIL,IV)
when a graph is naturally covered by label-consistent clusters of different diameters. However
(IILIV) may improve on (V) in a number of cases including when the log-diameter is significantly
smaller than log-atomic-number of the clusters.
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Technical Appendices

A Experiments

In this section we present some preliminary experiments that compare the 1ongest-path strat-
egy to treeOpt [1]] and label propagation [} 4]. The datasets include the four standardized bench-
mark datasets USPS 2 vs 3,3 vs 8,20 newsgroups and ISOLET as well as a constructed
dataset Stripes. We used our own implementation of longest—-path and labelProp. For
the purposes of computational efficiency we ran our experiments in the “batch mode” rather than
“online.”

We used the benchmark datasets as follows. With the USPS datasets we sampled 500 digits from
each class. For ISOLET we combined “ISOLET1” to “ISOLETS5” giving 3900 in class “0” (letters
‘A-M’) and 3897 class “1” (letters ‘N-Z’) examples. While for 20 newsgroups we combined
“comp.*” and “rec.*” creating class “0” with 8124 examples and combining “sci.*” and “talk.*”
creating class “1” with 8118 examples. Thus all datasets are nearly balanced between the classes.
We then constructed a graph for each dataset by computing a “cost” matrix between all examples
(patterns) in the dataset, using the Euclidean metric except on ISOLET where we used the “cosine
distance.” We then constructed both an unweighted minimum spanning tree (MST) and a “3-NN”
graph (via the cost matrix) and then “unioned” the edge sets together creating our final graph for
each of the datasets. The rationale behind the methodology was based on the common empirical
observation that 3-NN graphs are often among the most competitive of the unweighted k-NN graphs.
We then added a MST to ensure that the final graph was connected. This produced a relatively sparse
graph that reduced the computational burden for all methods and reduced variance by avoiding
model selection. Although it was beyond the scope of our limited study, it may be the case that
constructed graphs with higher connectivity could potentially lead to higher accuracies.

In Figure [] we report our results. We give the mean accuracy (computed over all labels in the
graph) and its standard deviation from ten runs. For each “column,” and each run of 10, we sampled
uniformly ¢/2 labels from each class. For the USPS datasets we also randomly sampled and built
a new graph on each run. Finally on each run as treeOpt expects a tree we further sampled a
uniform random spanning tree as per [[1] from the built graph on each of the 10 runs.

Our obervations are as follows. LabelProp performs systematically well across all datasets.
treeOpt tends to have the weakest performance. Note, however, that t reeOpt is very computa-
tionally efficient and it is natural to run with an ensemble of trees to improve performance; this is
discussed and experimentally confirmed in [17]. Longest—path is competitive and improves on
labelProp often. But it has a “failure mode” as seen in the first column for the relatively smaller
label sets. We observed that when this occurred we are finding small PQ-graphs corresponding to
unbalanced trivial label-consistent minimum-cuts.

We also show results on a constructed dataset to illustrate the potential of the algorithm. Stripes
is a 60 x 60 grid graph with toroidal boundary connectivity. Thus each vertex has four neighbors.
The problem corresponds to a simple geometric concept of “stripes.” We induce the two classes
by alternately “coloring” each of the 6 vertical stripes of 10 x 60 vertices. For this dataset the
performance of longest-path strongly dominates. We provide a visualization of a typical PQ-
graph from a St ripes in Figure[3]
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=38 { =16 =32 (=064 =128
USPS labelProp 980 £ .010 | 982+ .008 | .984 £ .005 | .988 + .003 | .991 £ .002
2 vs. 3 treeOpt .814 4+.055 | .885£.032 | .891+.032 | .956 +.013 | .959 £ .013
’ longest-path | .504+£.001 | .940 &£ .143 | .987 £ .003 | .988 £+ .003 | .990 £ .002
=28 {=16 {=32 { =064 {=128
USPS labelProp 956 £.009 | 953+ .007 | .961 £.007 | .967 £.004 | .971 £ .004
3vs. 8 treeOpt 797 +£.105 | 749 £.095 | 878 £ .013 | .935£.026 | .960 £ .023
’ longest-path | .505+£.001 | .600 +£.184 | .969 £ .006 | .971 +£.004 | .972 £ .003
{=32 =128 { =512 ¢ = 1600 = 2048
ISOLET labelProp .661 +.039 | .764 +=.024 | .820+£.012 | .887+£.006 | .899 £ .004
treeOpt .658 £.042 | .731 £.012 | .824 4+ .008 | .888 £.007 | .906 £ .002
longest-path | .524£.033 | .726 £.016 | .799 £.016 | .906 & .007 | .921 £ .006
¢ =800 ¢ = 1000 £ = 2000 ¢ = 4000 ¢ = 6000
Newsgroups labelProp .825+.005 | .826 +.007 | .844+.004 | .871+.002 | .894 +.003
treeOpt 753 £.006 | .758 £.014 | .804 £ .001 | .847 £.002 | .878 £.003
longest-path | .549+£.004 | .798 +.013 | .839 £.005 | .867 +.003 | .890 £ .002
¢ =250 ¢ =450 ¢ =650 ¢ =850 ¢ = 1050
Stripes labelProp 915+ .013 | .948 £.005 | .962 £ .004 | .972 £.004 | .978 £.005
treeOpt 817+ .012 | .879£.017 | .909 £.006 | .928 £ .003 | .936 £ .006
longest-path | .921+£.090 | .998 £.002 | .997 £ .002 | .994 £ .004 | .993 £ .002

Figure 4: Experiments

‘f{f( fffffff —

i %#f

Figure 5: A PQ-Graph is generated by a stripes run (¢ = 250). There are 152 super-vertices,
the source vertex (L) is white, the target (T) is black. The value of the flow is 654. Many of the
edges encoded represent multi-edges. Of these there are six types: a green edge with a flow of 231,
a brown edge with a flow of 7, an orange with a flow of 5, blue with a flow of 2 and the remaining
black edges with a flow of 1.
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B Properties of the PQ-graph (proof of Theorem 2)

We separate the proof of Theorem [2|into two claims.
Claim 1. The Picard-Queyranne graph G(G,S) of Deﬁnitionis uniquely defined.
Claim 2. The algorithm in Figurecomputes the Picard-Queyranne graph G(G, S).

Proof of Claim 1.

To prove Claim 1 we need to show that V(G) and E(G) are unique. Observe that V' (G) is trivially
unique as it is the partition on V() induced by ~.

To prove E(G) is unique, first recall that G is an orientation of a quotient graph of G induced by the
partition (V (G)) of V(G); thus up to direction the edges of G are determined uniquely. Hence, all
that is left to prove is that the directions of the edges are uniquely determined. If this is not the case
then there exists G’ = (V(G), E(G')) and G” = (V(G), E(G")) satisfying Definition [I] such that
there exists (I, J) € E(G') and (J,I) € E(G"). Then fori € Iand j € J, for all u € U3(S) we
have u; = 1 & u; = 1 by condition 3 applied to G’ and G”. Thus for arbitrary ¢ € I and j € J we
have that u; = u; which contradicts the fact that I, J are distinct elements in the partition induced

by ~. [
Proof of Claim 2.

In this proof we define G,S,H,Z, GY and G as in the algorithm of Figure We also define
k := kg.s. In step 2 of the algorithm the graph # is formed by merging the vertices of G in
the example sequence S which are labeled 0 and 1 to create source vertex s and target vertex ¢,
respectively. In steps 2-4 we then compute the PQ-graph G°(H, ((s,0), (¢,1))) and then in step 5,
we construct G(G, S) by “de-merging” vertices s and ¢. Note that the set of all labelings of # which
satisfy us = 0 and u; = 1 with minimum-cut is isomorphic to the set of all labelings 1/ (S) of G
consistent with S with minimum-cut; and likewise the edge sets E(H) and E(G) are isomorphic.
Hence for simplicity in presentation we lightly abuse notation in the following proof at times by
identifying H with G and G° with G.

Lemma 11. The edge set E(G) computed by the algorithm consists of k edge-disjoint paths from
ltoT

Proof. We have, from the Ford-Fulkerson algorithm on an unweighted graph, that the flow F con-
sists of k edge-disjoint directed paths Fy, Fb, ..., F} from s to t. Take path F; and write it as
(s = fo, f1,--, fm =1). For every i < m we have (f;, fi+1) € F so (fit1, fi) ¢ F and hence
(fi, fi+1) € Z so Fy is a directed path in Z. For each strongly connected component H € V (G), let
fH =1{ieN,, : f € H}. Suppose we have i, j,l € N,, withi < j < landi,l € f for some
H € V(G). Then since f; and f; are in the same strongly connected component (of Z) there exists
a directed path p in Z from f; to f;. Hence we have a path (f;, fit1,..., f;) from f; to f; and a
path ((f;, fj+1,.--, fi),p) from f; to f;, in Z. This implies that f; and f; are in the same strongly
connected component and hence f; € H so j € fH. We can hence write f = {c:a < c < b}
for some a,b € N,,;1 with a < b. This means we can write Fy as (g0, g1, ... gft) for some
I and distinct H; where g'’i is a sequence containing exactly the elements of {f, : a € ffi}.
Since fo = s (resp. fm = t), and fo € fHo (resp. f, € fH) we must have Hy = L (resp.
H; = T). Upon the collapse of Z to G, F) hence becomes the path (L = Hy, Hy,...,H; = T),
i.e., F collapses to a path in G from L to T. This happens for each F;, giving us k edge-disjoint
paths in G from L to T. The result is then seen by noting that every directed edge in G comes
from a directed edge in F (otherwise the edge would be bidirected in Z implying that both vertices
on the edge would be in the same strongly connected component (and hence such an edge would
disappear)). O

Lemma 12. Every labelling u € U (S) satisfies the conditions in Deﬁnitionwith respect to G as
computed by the algorithm.

Proof. Let u be alabelling in Ug;(S). First we prove the useful fact that,
ifu; # uj; and (4, j) € E(Z) thenw; =0,u; =1 4)
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The above is seen since k edges in JF are cut under u (as F consists of k edge-disjoint directed path
graphs from “s” to “t” with us = 0 and u; = 1). Thus if there was a cut edge in F(G) \ E(F)
the cut of u would be larger than k£ which is a contradiction. Hence we have (since u; # u; and
(1,5) € E(H) (as (4,5) € E(I))) that either (i,5) € F or (4,i) € F. Butif (j,4) € F then
(i,7) ¢ E(Z) which is a contradiction. Hence we have that (¢, j) € F so, since w minimises the cut
and u; # uj, we must have u; = 0 and u; = 1.

We now prove that w satisfies conditions 1-3 of Definition [I]

Condition 2: Suppose, for contradiction, that ¢ and j are in the same super-vertex H € V(G) and
u; # uj. Then without loss of generality assume u; = 1 and u; = 0. Since 7 and j are in the same
strongly connected component of Z there exists a directed path (i = vg, V1, V2, .., Un—1,Um = J)
in Z. Since u; # wu; there exists a < m such that u,, # U, 41 50 let b be the minimum such a.
Since u,, = Uy, forall [ < b, we have u,, = u,, = u; = 1. But, since (vy,vp11) € E(T), and
Uy, F Uy, , ,» this contradicts ().

Condition 1: We have a vertex s € | with us = 0 (since u is label-consistent). Hence, if ¢ € L
then, by condition 2 (with H := 1) u; = us = 0. The same goes for T (with 1 instead of 0 and ¢
instead of s).

Condition 3: Since (I,J) € E(G) with I # J there exists ¢’ € I and j' € J such that there exists
an edge (¢, j') in Z. Hence, if u; = 1 then by condition 2 (with H := I), u;; = 1 which implies,
by (@), that u,;, = 1 and hence, by condition 2 (with H := J), u; = 1. [

We now prove the converse of Lemma[I2]

Lemma 13. If a labelling u satisfies the conditions in Definition l| with respect to G as computed
by the algorithm then we have u € Ug(S).

Proof. By condition 1, us = 0 and u; = 1 so u is label-consistent. From the proof of Lemma
we have that G is formed of k edge-disjoint paths P;, P, Ps, ..., P, which are the flow paths
Py, Fy, Fs, ..., F} after collapse Let s consider P; and F}. Let P1 (L=Hy,Hy,...,H; =T)
and Iy = (g HU,ng ..., gHt) for g™ defined as in the proof of Lemma. By condition 2 we
have that, for any a € Ng there exists uff= € {0,1} such that for all i € H,, u; = u'l>. Let
b =min{a € N; : uffa = 1} (note that b exists since u/’* = 1 (by condition 1 and since H; = T)
and that b > 0 since u° = 0 (by condition 1 and since Hy = 1)). Suppose, for contradiction, that
ufle = 0 for some ¢ > b. Then d = min{a > b : u’e = 0} is defined. Then we have u*’¢-1 = 1 so0
we have a directed edge (Hy—1, Hy) in G with ufa-1 = 1 and w4 = 0 which contradicts condition
3. We hence have that H, = 1 for all @ > b. By definition of b we also have that ufa = 0 for all
a < b. Hence, we have that all elements 7 of the sequence (g0, g/t ... g'v-1) satisfy u; = 0 and
all elements i of the sequence (gt gHo+1 .. gHt) satisfy u; = 1. This means that F} has exactly
one cut edge (the edge from the final vertex of g/*~1 to the first vertex of g/*). The same argument
for all of the k edge-disjoint paths Py, P, .. P;, implies that every flow path has exactly one cut edge
which gives us exactly k cut edges in F. Suppose now that we have an edge (¢, 7) of G such that
(4,7),(4,4) ¢ F. Then (4, ) (resp. (j,4)) is a path from 7 to j (resp. j to ¢) in Z. This implies that 4
and j are in the same strongly connected component of Z and hence by condition 2, u; = u;. This
means that all the edges that aren’t on flow paths are not cut and hence that there are exactly k cut
edges in G. O

Lemma 14. If G is the graph produced by the algorithm then the vertex set V(G) is the partition
induced by ~ on V().

Proof. Since from Lemmawe have shown for V' (G) as computed by the algorithm the condition
Vu c Us(S) i, € He V(G) = vy =uj,
we now need to show,
Vi,j:i€e HeV(G),j ¢ H= JuclUs(S):u; #uj.

Thus giveni € H € V(G), j € H € V(G) and H # H' we now show there exists a labeling
u € U;(S) such that u; # ;.
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Assume H' £¢ H (else swap H and H'). Let D := [{H} then for all ¢ € |JD set u; := 0 and for
alli € J(V(G) \ D) set u; := 1. We have (since H € D) that u labels all vertices in H as 0 and
(since H' ¢ D) that u labels all vertices in H' as 1. Hence u labels H and H' differently. Hence,
all that is required to prove now is that u € U (S) which, by Lemma is proved by showing that
u satisfies the conditions 1-3 in Definition [l which we now show.

Condition 1: We have that | € D and hence all vertices ¢ € L are labelled 0 by u. We also have
that T ¢ D (as H' <¢ T implies H # T) and hence all vertices in T are labelled 1 by w.

Condition 2: Tt is clear from the definition of w that, given H € V(G), all vertices ¢ in H have the
same label u; since if H € D then all vertices in H are labelled 0 and if H ¢ D then all vertices in
H are labelled 1.

Condition 3: Suppose we have (I,J) € E(G) and ¢ € I with u; = 1. We now prove that for all
j € J, u; = 1 which shows that u satisfies condition 3. To prove this assume the converse: that
u; = 0. Then we must have that J € ID so there exists a path P in G from J to . Hence we have
apath ((I,J), P) from I to H in G which implies that I € D and hence all vertices in I, and hence
1, are labelled 0 by v which is a contradiction. O

Lemmas [[T{14] show that G satisfies Claim 2. [ ]

C PQ-game proofs (Propositions 5}6l7/|and Theorem

C.1 Proof of Proposition

Proof. By symmetry we can, without loss of generality, assume that y = 1. Let 1’ and T’ be
the source and target vertices of G(G, (S, (2,%))). Given a labelling u € U;(S), define u’ to be
the labelling of G such that for all v € | JT{Z} we have u], := 1 and for all v ¢ [JT{Z} we
have u;, := u,. We now show that given any labelling u € U (S) we have that the cutsize of u/’
is equal to kg s and hence (since u/, = 1) that u' € U;((S, (z,1)). To show this split G(G,S)
into kg s edge-disjoint directed paths p1,p2, ..., prg s- Note that, since u has a cutsize of kg s,
each path p; has a single cut under u. We can write p; as (L, Y1,Ys, ..., Y, X1, X0, ..., X], = T)
where each Y; is not in 1{Z} and each X is in 7{Z}. Hence, it is easy to see that since p;
has a single cut under w it also has a single cut under w’. u’ hence induces a cutsize of kg s in
G(G,S) so u' has a cutsize of kg s. Note that since (by the above) kg (s (..,)) = kg,s we have
UGS, (2,1)) = {u € U5(S) : u. = 1}.

Given X € V(G(G,S)) and z,y € X we have, for all u € U5 ((S, (2,1)), u € U(S) and hence,
by ItemE‘]of Deﬁnition[]we have u, = u,. This implies that x and y are in the same super-vertex of
G(G, (S, (z,v))). Hence, given X € V(G(G, S)), we have that X is a subset of some super-vertex,
in G(G, (S, (z,v))). Given X € V(G(G,S)) define X to be the super-vertex in G(G, (S, (z,v)))
that contains X as a subset.

We now show that for every X € 1{Z} we have X = T’. Suppose we have X € 1${Z}. Then let
(Z =Yy, Y1,...,Y,, = X)be adirected path in G(G, S). For all i choose z; to be an arbitrary vertex
in Y;. Let u be an arbitrary labelling in 245 ((S, (z,1)). Then since 29 € Z we have u,, = 1 and
hence, by induction on i using Item 3|of Definition 1| (and noting that u € U (S)) we have u,, = 1.
This implies that u,,, = 1. We have just shown that for every labelling u € U5((S, (2, 1)), u labels
all vertices in X as 1 and hence we have that X C T’ which implies that X = T’.

We now show that for every X € V(G(G,S)) \ 1{Z} we have X # T’. To see this let = be an
arbitrary member of X. Then since X # T choose a labelling w € Ug;(S) such that u, = 0. We
then have ), = 0 so since (by the above) u’ € U;((S,(z,1)) we have z ¢ T'. Hence X Z T’ so

we have X # T/

We now show that for every X,Y € V(G(G,S)) \ t{Z} we have that X # Y. To see this
choose x € X and y € Y. Since z and y are in different super-vertices in G(G, S) we can choose
u € Ug(S) such that u, # u,. We then have u), = u, # u, = uy so, since (by the above)
u' € US((S,(z,1)), we have that = and y are in different super-vertices of G(G, (S, (z,))). It

follows that X # Y.
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Combining the above results we get the following: for every X € 1{Z} we have X = T’ and
for every X € V( (G,S)) \ 1{Z} we have X = X. By Item 3] of Definition (and since
US((S, (2,1)) € U(S)) we have that the directions of the edges in G(G, (S, (z,y))) are inher-
ited from (G(g ,S). ThlS completes the proof.

O

C.2 Proof of Propositions[6and [7]

Proof of Proposition|6] The comb PQ-graph G, is generated from the labeled graph G with cr +
2¢ — 1 vertices, and 2c labels. We initially have a path,
pO = (80» Vo, V1y vy Ver—1,yVer, tO)v )

of cr + 3 vertices and then every r vertices (from v,. to v(._1),) We have a bottom vertex s; and a
top vertex ¢; forming a three-vertex path Pl = (si, Vi, t;) for i € IN._; that intersects p°. Thus if
{s0,...,Sc—1} are each labeled “0” and {?o, . .. , t.—1 } are each labeled “1”; then the PQ-graph G ,
will have cr+ 3 vertices with all source “s” Vertlces ‘glued” together to form L and likewise the “t”-
vertices form T (Notationally it is still convenient to refer to these “s” and “t” vertices within “L”
and “T” as they now correspond to edges leaving the super-vertex). Thus P:={p°...,p1}is
one path cover (see Figure[6a). However, we also have another “zig-zag” path cover (see Figure [6b)

Pl = {(807...7151),(81,...,tg),...,(SC,Q,...7tC,1),<SC,1,...,to)}.

Observe that path cover P has one path of length ¢r 4+ 2 and ¢ — 1 paths of length 2 whereas
P’ has ¢ paths of length r 4+ 2; thus the path lengths are very unbalanced in P as opposed to
P’ which leads to the following mistake bounds My_1sing < O(logr + loge + (¢ — 1)) and
Mfixedfpaths(P’) < O(ClOg ’I’).

bbb ok ob

So S1 S, S5 Sc1
(a) Path cover P of G,

t; t; ! tes t,
go-ofoofo-cfor - cfo-ol
So S1 S, S Sc-1

(b) Path cover P’ of G,

Figure 6: Two path covers of the comb PQ-graph

Now if we assume the true labeling of G is all “0” except at the “t”-vertices then an adversary
may also force fixed-paths(P’) to incur (clogr) mistakes by forcing 2(log r) mistakes in
first path (so,...,%1) (e.g. by first selecting v, /21 then vs,. /4, then v7, /5,1 and so on) and then
Q(log r) mistakes in the second path (s1, . ..,t2) and so on. Thus comparing the two algorithms by
setting r := 2¢ we have that Mo_15ing < O(c) and M yeqpacns(pr) = Q(c?). O

Proof of Proposition[/] We consider a generalization of the (¢, r)-comb to the (b, ¢, r)-grid, with
b,c < r . The (b, c,r)-grid is essentially is a “stacking” of b+ 1 of the (¢, )-combs. More precisely
we have b + 1 directed path graphs of the form

i
D" = (84, V3,0, Visly -+, Vier—15 Vier Li,.)
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fori € {0,1,...,b} each with cr + 3 vertices. We then create a grid intersecting these b + 1 paths
with ¢ — 1 paths of the form

oJe— . . . ) .
P77 = (8,5, V1,5, V2,5rs - - -5 Vbjry t5)

for j € IN._1, so that the grid has (b+1)(cr+3)+2(c—1) vertices and a label-consistent minimum-
cut size of b+c. We assume the true labeling of each vertex is “0” except the “t” vertices. For the fol-

t.,cfl
sy, @O0 =0 ATY
Sb . o O ®0e 000 oo soe( ) ’—.tb—l,.
Y ._O_O eee soe coo "'O_O-.tb_z"
Sb ._O_O eee o000 cee u--O—O—. tb_3"
S.,c—l
Figure 7: The grid PQ-graph
lowing we define the path segments z(i, j) := (Vi jr, Vi jri1,- - Vi, (j+1)r—1) fori € {0,1,...,b}
and j € {0,1,...,¢— 1}. We now describe an adversarial strategy for the shortest path heuris-

tic: First force, Q(log(r — b)) mistakes on z(2 + 1, 0) by first selecting vy, by rgt then selecting

+10
gy 3 s then selecting Uy, Tt g and so on. In the same way then force Q(log(r — b))
mistakes on z(% +1,j) forevery 1 < j < ¢ — 1 in turn. We have now forced Q(clog(r — b))
mistakes on p? 1. In the same way then force (clog(r — b)) mistakes on path p *1- then
Q(clog(r — b)) mistakes on path p¥ *1- and so on. This gives us a total of €2(clog(b) log(r — b))
mistakes. Thus, if we set b = ¢, = 2° we have that Mqnortest—parn = $2(clog(c) log(2¢ — ¢)).
Noting that Q(log(2¢ — ¢)) = 2(c) we hence have that Meporcest—parn = 2(c? log(c)).

On the other hand, since there are O(ber) vertices in the grid and the grid has b + ¢ edge disjoint
paths from source to sink we must have that, for any path cover P, Meiyeq parns(p)y = O((b +

c)logber). Thus if we set b = ¢, = 2¢ we have that M, weq parns(p) = O(c?). Hence we have
Mshortest—path = Q(C2 10g(0)) and Mfixedfpaths(P) = 0(02)' O

C.3 Proof of Theorem

Proof of Theorem[8] The bounds for strategies fixed-paths and 0-Ising are straightforward
(see discussion in Section [3.2) and we focus on the proof of (2) for the 1ongest—path strategy.

Let (Gy,...,Gr) be the sequence of PQ-graphs in a PQ-game of cutsize k (where G is the final
PQ-graph of cutsize k and hence the mistake made in this graph is not counted towards the mistakes
of the PQ-game). Recall that, for any ¢ < T, the edge set F(G;) may be partitioned (non-uniquely)
into k£ edge-disjoint directed paths. For all ¢ < T we will constuct k edge-disjoint directed paths
{p},p?,...,pF}. Note that we are treating each path as a set of edges rather than vertices so that |p!|
is the length of the ith path in G;. Let M, denote the number of mistakes (“backwards cumulative”)
of longest-path made in the sequence (G¢, Gyy1, ..., Gr). We prove by a “reverse” induction
(i.e., from t = T to t = 1) that for all ¢ there exist k edge-disjoint directed paths {p},p?,...,pF}
from L to T in Gy, and numbers (“mistakes on a path™) {M}, M2, ... Mk} with M} < log |p| for

1 <4 < k such that the “backwards cumulative mistakes” is M; = ZZ L M}

We now consider the base case of our induction: for t = T we arbitrarily choose {p}, p%, ..., p&.}
to be an arbitrary set of k edge-disjoint paths from L to T in Gp. Let M} = --- = M; = 0. We
clearly have My = 0 = Zle MY and that M = 0 < log |p%| for 1 <i < k.

Suppose now that the inductive hypothesis holds for some ¢ > 1. We proceed to show that it holds
for t — 1. On trial ¢ — 1 we receive example (Z;—1,y:—1). If Z;—1 € {L, T} then since we are
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“within” a PQ-game we have not made a mistake, so the inductive hypothesis holds trivially with
pi_, := piand M} ; := M} for 1 < i < k. Suppose instead that Z; | ¢ {L, T}. Without

loss of generahty assume that the label y; 1 = 1. Define P to be equal to p! except that the
“final” edge is removed i.e., pi := pi N {(I, J) € E(Gy) : J # T}. Since (by Proposition [3)
G = merge(Gt_l,T{Zt_l}) observe that p; C E(G;_1). By construction observe that since
Zi—1 ¢ V(Gy), it is in no path p; however there is at least one vertex Z,_; € V(G;_1) and a ¢’
such that p U {(Z]_,, Z4_1)} is a directed path in G;_;. Define r;- ; to be the longest directed
path in G;_; from 1 to Z;_; and 7";';1 to be the longest directed path in G;_; from Z;_; to T. Now
define path p¢ | := pi' U{(Z]_,, Z;_1)}Ur/_,. Finally select an arbitrary edge-disjoint extensions

of the paths {ﬁ%? aﬁ; 717253‘, +17"' aﬁf} to paths {ptlflw'wpt 1 ’pz +117"'ap§771} so each is a

path from L to T, in G;_;.

Now consider the sub-case where longest—-path incurred a mistake in Gt,l. Then we have
M, 1 = M, + 1 so choose M{ | := 1+ M;" and choose, for all i # i/, M} , := M}, By the
inductive hypothesis we hence have that M;_; = 1+ M, = 1+ Zle M} = ZZ 1 . We
predicted Z;_1 to be 0 so we hence have that | || < | ,|. Since pi” | \ 7, | isa drrected path in
Gy_1 from L to Z,_1 wehave [pi_ |\ ;| < |ri- ;| and we hence have that |pi_, \ =) ;| < |r] |-
Hence we have, by the inductive hypothesis, that [pi_,| = [pi_, \ 7|+ |r/[_,| > 2[pi_, \r/_,| =
2pi'| > 2 x oM = 91+M]" — 9M%i  Gince, Ipi_;| > |pi| for all i, we have, by the inductive
hypothesis, that, for all 4 # ', |pi_,| > |pi| > 2M{ — 9M{ 1 And thus the sub-case with a mistake
is shown.

Now consider the sub-case where we didn’t make a mistake in G;_1. Then we have that M;_; = M;
so choose, for all ¢, M;{_; := M/ and we have, by the inductive hypothesis, M;_1 = M; =
S M =Sk M}, Since, for all i, [pi_,| > |pi|, we have, by the inductive hypothesis, that
pi_y| > |pi| > 2M/ = 2Mi1. And thus the sub-case without a mistake is shown.

We conclude observing that the cumulative mistakes from trials 1 to 71" of the PQ-game is M; =
S M < S log |pi | O

D Global mistake analysis (proofs of Theorems 4] and [10)

D.1 Proof of Theorem[d

Suppose we have a uniformly-labeled subgraph C.

A covering sequence is an example sequence (i.e. a sequence of pairs (v, y) where y is the label of
vertex v) that contains every vertex in G and the label of any vertex in C is, without loss of generality,
equal to 1.

When, given a covering sequence, R, we say “mistakes made in C with R” we mean “mistakes
made in C when algorithm A is run on R”. We also say, for a vertex w, “w is predicted O (resp. 1)
with R” when we mean “when algorithm A is run on R the label of w is predicted, by A, to be 0
(resp. 1).

Lemma 15. Suppose we have a covering sequence R = (S, (v,1),T) for example sequences S
and T where v ¢ C. Let R’ := (S, T, (v,0)). Then the number of mistakes made in C with R' is at

least the number of mistakes made in C with R.

Proof. All we need to show is that given some w € C in which a mistake is made on w (i.e. w is
predicted 0) with R, then a mistake is made (i.e. w is predicted 0) with R’. This is clearly true if
(w,1)isin S (the algorithms are identical on S) so assume otherwise. We must then have that (w, 1)
isin 7. If w is predicted 1 with R’ then by monotonicity and permutation invariance, w must be
predicted 1 with R which is a contradiction. We must hence have that w is predicted 0 with R'. [

Lemma 16. Suppose we have a covering sequence R = (S, (v,0),T) for example sequences S
and T where v ¢ C. Let R’ := ((v,0),S, T). Then the number of mistakes made in C with R' is at
least the number of mistakes made in C with R.
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Proof. All we need to show is that given some w € C in which a mistake is made on w (i.e. w is
predicted 0) with R, then a mistake is made (i.e. w is predicted 0) with R’. This is clearly true if
(w, 1) isin T (the algorithms are identical on 7 by permutation invariance) so assume otherwise. We
must then have that (w, 1) is in S. Since w is predicted 0 with R, by monotonicity and permutation
invariance w must be predicted 0 with R’. O

Lemma 17. Given a covering sequence R, there exists sequences U and V such that the elements
of U are {(v,0) : v ¢ C} and the elements of V are {(v,1) : v € C} and at least as many mistakes
are made in C with (U, V) as are made with R.

Proof. Repeatedly use Lemma [L5|on R to form a covering sequence R’ which makes at least as
many mistakes in C as R and in which for every v ¢ C, the label of v is 0. Next, repeatedly use
Lemma([l6lon R’ to form the covering sequence (I, V) in the lemma. O

Suppose then that R is our true label sequence. Then find sequences U and V as in Lemma[I7} The
number of mistakes made in C with sequence R is then no more than the number of mistakes made
in C with sequence (U, V) which, by the Markov property, is bounded above by B4(C;G). This
completes the proof of Theorem @] |

D.2 Proof Theorem

The proof of Theorem |10] separates into three cases: high-connectivity clusters, low-connectivity
clusters, and a tree cluster. In each case we assume that we have received the label of each vertex in
0e(C) and we then upper bound the number of mistakes in C. Without loss of generality assume that
each vertex of C is labelled 1 and each vertex of 9. (C) is labelled 0.

CASE 1: If 5(C) > |0F(C)| then B4(C;G) € O(1).

Proof. Suppose we have made a single mistake in cluster C. Then we have received the true label
1y, (equal to 1) for some vertex v € C. Let u be a consistent (with the observed labels) labelling of
C U 9, (C) that minimises the cut. Note that we have u,, = 1 and for all w € 9,(C) we have u,, = 0.
Soifu, = 1forall z € C then u has a cut of size |0F (C)|. If there exists a vertex z € C with u, = 0
then, since there are at least x(C) edge disjoint paths between z and v, we have that w has a cutsize
of at least #(C). So since x(C) > |0F(C)| and u minimises the cut we must have that u, = 1 for
all z € C. Hence, since the the next prediction in C is consistent with a labelling of minimum-cut,
it will predict the label as 1 so will not be a mistake. We can hence make at most one mistake in
C. O

CASE2: If x(C) < [97(C)] then BA(C: ) € O(10F(C)|(1 + 05 (C)| — x(0)) log Mo c)1)-

Proof. We consider the sequence of PQ-games after we have made a single mistake. We first bound
the cutsize of the first PQ-game. Since we have made a single mistake we have received the true label
Y, (equal to 1) for some vertex v € C. Let u be a consistent (with the observed labels) labelling of
C U 0, (C) that minimises the cut. Note that we have u,, = 1 and for all w € 9, (C) we have u,, = 0.
So if u, = 1 forall z € C then wu has a cut of size |0F(C)|. If there exists a vertex z with u, = 0
then, since there are at least x(C) edge disjoint paths between z and v, we have that u has a cut
of size at least x(C). Hence, since (C) < |0F(C)| we have that u has a cutsize of at least x(C).
Hence, the cutsize of the first PQ-game is at least «(C).

Since the true cutsize is [0F(C)| we hence have that up to |9F(C)| — x(C) + 1 PQ-games are
played and the cutsize of each PQ-game is no greater than |0 (C)|. We now bound the number
of mistakes made in each PQ-game. To do this we first bound the number of super-vertices in any
of the PQ-graphs. Suppose we have a set X of vertices in C with connectivity greater than |0F (C)|.
Then suppose u is a consistent (with the observed labels, at any point in the algorithm) labelling
of C U 9.(C) that minimizes the cut. We must have that u has a cutsize equal to the cutsize of a
PQ-game and hence has a cutsize no greater than |9 (C)|. Suppose, for contradiction, that there
exist vertices 2,y € X such that u, # wu,,. Then since there are at over |9 (C)| edge-disjoint paths
from z to y we have that u has a cutsize greater than |0F (C)| which is a contradiction. We have just
shown that for any consistent (with the observed labels) labelling, u, of C U 9.(C) that minimizes
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the cut we have that u, is identical for all z € X. By definition of the PQ-graph this means that X is
a subset of some super-vertex of the PQ-graph. Hence, we have that any PQ-graph in the algorithm
has at most 1 +M 8F (C)|+1 (C) super-vertices (the “+1” corresponds to the super-vertex formed from

9e(C)).

Now we can apply Theorem|§]to sum the bounds of each PQ-game where we upper bound k for each
game by |9 (C)| and the path length by NVjy=(c)|+1(C). Since there are at most |97 (C)| — x(C) + 1
PQ-games this gives us a maximum of at most O(|0F (C)|(1 + [0F(C)| — x(C))log Nox (c)j+1)
mistakes inside the PQ-games. Finally, note that there are at most |0F(C)| — #(C) + 1 mistakes
between PQ-games. The result follows. O

CASE 3 : If C is a tree then B4(C; G) € O(|0F(C)|log D(C)).

Theorem 18. Given a free structured subgraph, C, of G we have BA(C;G) €
O(|0F(C)|1ogy(D(C)))

Proof of Theorem 18]

Suppose k := 9F(C). For every vertex v € C let n(v) be the number of neighbours of v that are not
in C. Then consider the tree 7 which is formed from C by adding, to each vertex v, n(v) vertices.
Label T as follows: if v € C label v as 1 and if v ¢ C label v as 0. Then B4(C; G) is upper-bounded
by the maximum number of mistakes made in 7" with any permutation of the vertices. Note that the
cutsize of the labelling of 7 is equal to k£ so by Appendix [F| the number of mistakes made in 7T is
upper-bounded by O (LB(T, k)) which is upper bounded by O(klog(D(7))). The result follows
since D(T) < D(C)+2. O

E Regularity properties of 1ongest—-path and 0-Ising (proof of
Theorem [9)

The proof of all properties except for the label-monotonicity of longest—-path are straightfor-
ward.

E.1 Proof that 1ongest—path is label-monotone

In this proof we use the more explicit notation (v — w) for a directed edge from v to w.

Let S be an example sequence. Let z be a vertex of G that is not contained in S. Define S’ :=
(S, (2,0)) (note that, in what follows, we don’t lose generality by assuming that z is labelled 0 by
the symmetry over switching the labels 0 and 1 on all vertices). Let (M, s,t) (resp. (H',s',t’)) be
the result of step 1 of the PQ-graph construction algorithm (see Figure[I) when run on sequence S
(resp. S’). Note that ' is identical to H except that the vertices s and z are merged into a single
vertex s’. Let G (resp. G’) be the graph formed at step 4 of the PQ-graph construction algorithm
(see Figure when run on sequence S (resp. S’). Let L and T (resp. 1" and T") be the source and
target super-vertices of G (resp. G’) respectively. Given v € V(H) (resp. v € V(H')) define ¥ (v)
(resp. ¥’(v)) to be the super-vertex in G (resp. G’) that contains v.

To prove label monotonicity we need to show that given h € V(H') \ {s',¢'}, if the label of h is
predicted 0 in G then it is predicted 0 in G’. Let ¢ and 1) be the longest directed paths in G from L
to W(h) and from W(h) to T respectively. Let ¢' and ¢/’ be the longest directed paths in G’ from L’
to U/(h) and from W'(h) to T’ respectively. If U/(h) = L’ then we are done since then the label of
h is predicted 0 in G/, so assume otherwise. Since the label of h is 0 in G we also have that h ¢ T.

We need the following proposition about the graphs G and G’. We will prove the proposition later
in the section.
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Proposition 19. We have the following results:

X, YeV(G),XCTand (X —-Y) e E(G')thenY C T [edge creation] (a)
ifv € V(H)\ (TU {s,z}) then ¥'(v) = L' or ¥'(v) = U(v) [vertex collapse/conservation]
(b)
ifv,w e V(H)\ (TU{s,z}) and ¥'(v) # L' then [edge conservation]
(V' (v) = V'(w)) € E(G') & (¥(v) = ¥(w)) € E(G) (c)

Lemma 20. |¢'| < ||

Proof. Since, W' (h) # L' write ¢’ as (L', X1, Xa,..., X, = U/(h)). If, for some i, we have
X; C T then by Proposition Item (&) (by induction through X;, X;11, ..., X,, = ¥/(h) using
inductive hypothesis X; C T) we would have ¥'(h) C T which would imply that » € T which
is a contradiction. Also, if for some ¢ we have s’ € X;, we would have X; = L’ which is a
contradiction. Hence, for every 4, we have some vertex x; € H\ (T U{s, z}) such that X; = ¥'(z;).
We hence have a path (U'(x1), ¥'(z2), ..., ¥/ (2,,)) in G’ where, for all i, x; € H \ (T U{s,z})
and ¥'(z;) # L'. By Proposition [19] Item (b) we have that for each i, ¥'(z;) = ¥(z;) (and
since h € H\ (T U {s,z2}), we have ¥'(z,,) = ¥'(h) = ¥(h)) so by PropositionItem
(U(x1), ¥(x2),..., ¥(xy) = ¥(h)) is a directed path in G. Since U(z;) = ¥’'(x;) and (since
U’(x1) is a subset of H') s ¢ U'(x1) we must have ¥(z1) = ¥'(z1) # ¥(s) = L. We can
hence continue (in G) the path (U(x1), ¥(z2), ..., U(xm,) = ¥(h)) back to L giving us, for some
m’ > 0 adirected path (L,Y7,Ys, .Y, U(21), U(22), ..., U(2,,) = ¥(h)) in G. We hence have
constructed a directed path in G, from L to W(h) that is at least as long as ¢’ which proves the
result. O

Lemma 21. [¢)| < |¢/|

Proof. Since h ¢ T and hence ¥(h) # T write ¢ as (U(h) = X1, Xo,..., X, T). Letzy :=h
and for ¢ > 2 let x; be an arbitrary member of X;. Since h ¢ T and h # s,z we have z; €
H\ (T U{s,z}) Fori > 2 we know (since there is no edge in G that goes into L) that X; # |
and hence s ¢ X;. Since X; # T we then have that x; € H \ (T U s). Hence, for all i we have
x; € H\ (T Us). Suppose, for contradiction, that, for some i, z; = z. Thenz € X; # Tsoz ¢ T.
Hence, by Propositionand since W (h) is downstream of X; we have that h € 1’ which contradicts
the assumptions of h. Hence we have that, for all i, z; # z and hence z; € H \ (T U {s, z}).

Note that (¥ (z1), ¥(z2), ..., ¥(z,,)) is a directed path in G (as it is a subpath of ¢)). We now prove
the following by induction on i:

1 W(2;) # L/
3. (U'(z;) = ¥'(zi41)) is an edge in G’ (for i # m)

Note that items 2] and [3] can be proved from Item [I] as follows: Since z; € H \ {T U {s,z}}
and U'(z;) # L' then by Proposition [19| Item (b)) we have W'(z;) = ¥(z;). Since x;,z;41 €
H\{TU{s, z}} and ¥’(z;) # L’ then by Proposition[19]Item (c) we have that (¥’ (z;) — ¥’ (z;11))
is an edge in G'.

We now prove Item|[1|from the inductive hypothesis: Fori = 1 we have (since i ¢ 1) that ¥/ (1) =
U’'(h) # L'. For ¢ > 1 we have, from the inductive hypothesis, that (U'(z;_1) — ¥’(z;)) is an
edge in G’. But no edge in G’ goes into L', so ¥'(x;) # L’. This completes the inductive proof of
the above items.

We hence have that (U/(x1), U'(x2), ..., ¥’(z,)) is a directed path in G’. Note that since x,,, ¢ T
we have t' = ¢t ¢ U(x,,) so (by Item [2[ above) we have ' ¢ ¥(x,,) = ¥'(z,,) and hence
U'(x,,) # T'. So we can extend (in G') the path (¥/(x1), ¥'(z2), ..., ¥/(x,,)) to a path

(O'(h) = V' (x1), V' (x2), ..., ¥'(xm), Y1, Yo, Yy, T') for some m’ > 0. We have now constructed
apath in G’ from W’(h) to T’ that is at least as long as |¢)| which proves the result. O
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Since the label of h was predicted as 0 in H we have that |¢| < |¢|. Hence, by Lemmas 20| and 21|
we have that |¢| < |¢| < |¢] < [¢'|. So |¢’| < |[¢'| implying that the label of A is still predicted as
0inH'. |

E.1.1 Proof of Proposition

By Proposition [5} Proposition [19| clearly holds if z ¢ T so assume otherwise. Let K (resp. K')
be the cut-size of a label-consistent minimum-cut of H (resp. H'). Let B = {(z — y) : (z,y) €
H,x ¢ T,y € T}. Given a flow in a graph, we define the size of the flow to be the number of edge
disjoint paths in it.

We now construct the flow F (in step 2 of the PQ-graph construction algorithm for G) from s to ¢
in H of size K, and the flow F’ (in step 2 of the PQ-graph construction algorithm for G’) from s’ to
t' in H’ of size K’ as follows (note that we will refer to the objects in this algorithm later):

Algorithm 22.
1. Convert H to a graph H" by adding a set A of K' edges between s and z.

2. By running the Ford-Fulkerson algorithm on H construct a flow, F, of size K in H" from
s to t such that none of the edges in A are contained in the flow. Note that this is the first
K steps in an instance of the Ford-Fulkerson algorithm on H''. Note also that F is a flow
of size K in H.

3. Continue (from stage|2) the Ford-Fulkerson algorithm on H" to get a flow, F", of size K’
from stotinH".

4. Set F'"" equal to F". Repeat the following until there is no directed path in F'"' from s to
z that does not contain an edge in A:

(a) Choose a directed path in F"' from s to z that does not contain an edge in A. Remove
this path from F""' and add to F'"" an edge in A (directed from s to z). Note that F'"’
is still a valid flow of size K'.

5. Merge the vertices s and z to get, from F"', a flow, F', of size K’ from s' to t' in H'.

We now let Z and Z’ be the graphs formed in step 3 of the PQ-graph construction algorithm for G
(given the maximum flow F) and G’ (given the maximum flow F’) respectively.

Lemma 23. Forall x,y € H, if (x — y) € B then we have (v — y) € F.

Proof. Assume we have some z,y € H, with (x — y) € B. Suppose, for contradiction, that both
(x — y) and (y — «) are not in F. Then we have that (z — y) and (y — z) are both in Z implying
that ¥(z) = ¥(y). Then since y € T we have ¥(x) = ¥(y) = T, which contradicts the fact that
x ¢ T. We hence have that either (x — y) or (y — z) are in F. Suppose, now, for contradiction,
that (y — x) € F. Then it is a result of the Ford-Fulkerson algorithm that there exists a directed
path p, in F, from y to ¢ that goes through z. Let p = (y = vy, vs, ...v,, = t). Since, for all i we
have (v; — v;41) € F, it is the case that (v;41 — v;) € F so (v; — v;4+1) € Z. Hence p is a path
in Z from ¢ to y that goes through z. Since y € T and hence ¥(y) = T = ¥(¢) we have a directed
path in Z from y to ¢. Putting these together we hence have a directed cycle in Z that contains ¢ and
2. So t and x are in the same strongly connected component of Z and hence ¥(xz) = U(t) = T.
This contradicts the fact that « ¢ T. We hence have that (y — x) ¢ F which, by the above, implies
that (z — y) € F. O

Definition 24. For 0 < a < (K’ — K), let F, be the flow during step a of stage 3| of algorithm 22|
(ie. Fo =F, Fx—x = F", and for all a, the size of Fq.1 is one more than the size of F,). For
every0 < a < (K' — K) define Cy := Fo \ {(zx = y) 12,y € THU A).

Lemma 25. Forall0 < a < (K' — K) we have C, = Cj.

Proof. We prove by induction on a. The inductive hypothesis clearly holds for a = 0.

Now suppose the inductive hypothesis holds for some a. We now show that it also holds for a + 1:

21



First note that by Lemma [23] every directed edge in B is contained in Cyy. Now, let p be the path
(from s to t) that is found in the Ford-Fulkerson algorithm when the flow goes from F, to Fy41.
Then let (s, z = g, 21, X2, ...Tm = t) := p (where the edge (s, 2) is in A)

Suppose, for contradiction, that for some ¢ < m, z; ¢ T. Then let j := min{i : z; ¢ T}. Let
k := min{i > j : x; € T} which is defined since z,, = ¢t € T. We have (x_1 — x) € B so
(zx—1 — xx) € Cy and hence by the inductive hypothesis (51 — %) € Cy 50 (Tp—1 — k) €
Fo, which contradicts the fact that p is the path found by the Ford-Fulkerson algorithm.

Hence, all the edges in p are in {(x — y) : z,y € T} U A and hence, by considering the Ford-
Fulkerson algorithm, we have C,4+1 = C,. Hence, by the inductive hypothesis we have C 1 =
Co.

Definition 26. Let J .= F\{(z —» y):z,y € T}and J' := F \{(x = y) :z,y € T}
Lemma 27. We have the following results:

1. Given (v — y) € J', either (x —y) € Jorz =

2. Given (x — y) € J, either (x —y) € J' orz,y € L' orxz € {s,z} ory € {s, z}.

Proof. Let J" .= F'"\ ({(x = y) : z,y € T} U A). Note that J = Cy and J” = Ck/_k so by
Lemma 25l we have that J” = J.

Suppose we have (x — y) € J' with ¢ # s’. Then we automatically have that (v — y) € F" at
the start of stage [5] of algorithm 22] On each step in stage [ of algorithm [22] the only edges added to
F''" are those in A so since (because z,y € H' so z,y # s) (x,y) ¢ A we have that (x — y) € F".
Since (z — y) ¢ {(v — w) : v,w € T} U A we hence have (z — y) € J” which implies, by the
above, that (z — y) € J. This proves Item|[Iof the lemma.

Suppose we have some (z — y) € J with (x — y) ¢ J', x,y ¢ {s,z}. Since (x — y) € J
we have (since, by the above, J = J”) that (x — y) € J”. Since (x — y) € J’ we have
(x = y) ¢ {(v—> w):v,w € T} and hence, since (x — y) ¢ J', (x — y) ¢ F'. Since
(x — y) € J” we must have (z — y) € F”. So (z — y) € F” and (x — y) ¢ F' and hence
(since z,y ¢ {s,z}) it must be the case that (x — y) was removed (from F") during stage 4| of
algorithm[22] Let (s = vy, v, ..., Uy, = z) be the directed path in F” that contains (z — y) and was
removed during stage E] of algorithm Since this path is removed and s and z are merged into s’
in forming 7’ we have that no edge in the cycle (in H') (s, v, v3, ..., Um—1, ') is in F’. Hence we
have that (s, v —1, Um—1, ..., U2, 8') is a directed cycle in Z’ so all vertices in this cycle belong to the
same strongly connected component of Z’. This implies that for all ¢ we have ¥/ (v;) = ¥’/(s") = L'
Since z,y ¢ {s, z} we have that x = v; and y = v;41 for some 1 < ¢ < m — 1. Hence we have that
x,y € L’ which completes the proof of item [2| of the lemma. O

Lemma 28. Given some v € T with v # z we either have V' (v) = L' or ¥/(v) C T.

Proof. Suppose we assume the converse: that there exists some v € T \ {z} with ¥'(v) # L’
and U'(v) ¢ T. Then choose some z € H'\ T such that z € ¥'(v). Since x and v are
in the same strongly connected component in Z’ there exists (in Z’) a directed path p := {v =
Z0o, &1, &2, ..., Ty, = '} such that each x; is in ¥/ (v). Let ¢ = min{j : «; ¢ T} which exists since
ZTm ¢ T. Note that since 2o = v € T we have 7 > 0 so x;_; exists. Since ¥'(v) # L’ we know
x; # 8 (else s € U'(v) and hence U’(v) would equal L’). We hence have that (x; — x;_1) € B
so we know, from Lemmathat (x; = @;—q1)isin J.

Since (x;—1 — ;) is a directed edge in p, and hence in Z’, we know that (x; — z;_1) ¢ F' so we
have that (x; — 2;_1) ¢ J’ which implies by Lemmaltem(since, by the above, (z; — 7;_1)
isin J and (since z;, x;—1 € H') x5, ;-1 ¢ {s,z}) thatx; € L', Since xz; € ¥/ (v) this implies that
U’(v) = L’ which is a contradiction. O

Lemma 29. Given some X,Y € G’ with X C T, if there is an edge in G’ from X to'Y, then we
haveY C T.

Proof. Suppose the converse: that there exists some X,Y € G’ with X C T,Y ¢ T and an edge
inG’ from X to Y.

22



Note first that since X C T we have s’ ¢ X and hence X # L’. Since there is an edge in G’ from
X to Y and no edge goes into 1" we have Y # 1.

Since there is an edge in G’ from X to Y choose € X and y € Y such that there is an edge in F’
from x to y

SinceY ¢ TandY # L1’ and (since y € H') y # = we must have, by Lemma thaty ¢ T.
Hence we have that (z — y) € J'. Since Y # L’ we also have that y # s’. We hence have that
(y — x) € B so, by Lemma[23] we have that (y — z) € J. By Lemmaltem we hence
have a contradiction (since (y — z) € J implies (x — y) ¢ J and we have (zr — y) € J' and
xz # 8. O

Lemma 30. Given a vertex v such that (v — s) € Zand v ¢ T we have that (v — s') € T'.

Proof. Suppose the converse: that there exists a vertex v such that (v — s) € Z, v ¢ T and
(v— ') ¢TI Since (v — s') ¢ I’ we have (s" — v) € F'. Hence, by considering Stage [5| of
Algorithm 22 we must have that either (s — v) € F"” or (z = v) € F". Since v ¢ T we have
v # z 8o (since v # s (as there is an edge in Z from s to v)) we have (s,v), (z,v) ¢ A. Hence,
since during Stage ] of Algorithm[22]the only edges added to the flow are those in A, we must have
that either (s — v) € 7" or (z = v) € F".

Assume, for contradiction, that (2 — v) € F”. Then (z,v) € E(H") so since, by the above,
(z,v) ¢ A (and, since z,v € H we have z,v # s’) we have that (z,v) € E(H). Since z € T and
v ¢ T we have that (v — z) € B and hence, by Lemma 23] we have that (v — z) € Cj so, by
Lemma[25] (v — z) € Ck/_ which implies that (v — 2z) € F” and hence that (z — v) ¢ F”
which is a contradiction.

We hence have that (s — v) € F” which implies, since v ¢ T, that (s — v) € Ck/_k so by
Lemma[25|we have (s — v) € Cj which implies that (s — v) € F. This implies that (v — s) ¢ Z
which is a contradiction. This completes the proof. O

Lemma 31. Given somev € H\ (T U{s}) with ¥ (v) # L' or U(v) # L, we have ¥(v) C ¥/ (v).

Proof. We shall prove that ¥ (v) is strongly connected in Z’ which directly implies the result.

We first show that s and z are not contained in ¥(v). Since v ¢ T we have U(v) # T = U(z)
which implies that z ¢ U (v). Suppose now, for contradiction, that s € W(v). Since v # s we then
have a directed paths (s, z1,z2, ..., Ty = v) and (v = y1,Y2, ..., Ym/, ) in Z such that, for all i,
x;,y; € U(v). Note that since z ¢ ¥(v) none of the z; or y; are equal to z. Since (s,xz1) is an
edge in H we must then have that (s’, ;) is an edge in H’ and since no edge of F’ goes into s’
we must have that (x; — s’) ¢ F’ implying that (s — z1) € Z'. Since (y,y — s) € T and
(since W (ym) = U(v) # T) ym: ¢ T we have, by Lemma 30| that (y,,, — s’) € Z'. Since, for
all i, (x; — x;41) € Z we have that (z;41 — z;) ¢ F hence (z;41 — ;) ¢ J. If it was true
that (z;41 — ;) € F' thensince z; ¢ T (asv ¢ T implies that ¥(z;) = ¥(v) # T) we would
have that (z;11 — x;) € J’ so since ;11,x; # s’ (as both are in ) we would have, by Lemma
R7Item[l] that (z;41 — x;) € J which is a contradiction. Hence we have that (z;4.1 — z;) ¢ F’
so (z; = w;41) € I'. Similarly we have (y; — y;41) € I’ for all i. We hence have that
(s' 21,2, ..ty = v) and (v = Y1, Y2, ..., Ym’, §') are directed paths in Z’ so we have that v and s’
are in the same strongly connected component of Z'. So ¥’'(v) = ¥(s’) = L’ and hence v € L’
Since s € ¥(v) we also have that U(v) = L which is a contradiction.

We hence have that s,z ¢ U(v) so ¥(v) C V(H'). Suppose that we have vertices =,y € ¥(v).
We now show that there exists a directed path in Z’ from x to y which proves that ¥ (v) is strongly
connected in Z':

Since ¥(v) is strongly connected in Z there exists a directed path p from x to y in Z such that every
vertex in p is in ¥(v). Since ¥(v) # T, pis a path in V(#) \ T. Hence, if some directed edge
(' — ¢) is in p and not in Z’ then (since, by definition of 7', (y' — ') € F’) we have (since
2’ € U(v) # T and hence 2’ ¢ T) that (y' — 2') € J' which implies, by Lemmaltem(since
y' € Hsoy # s)that (y' — 2’) € J, and hence (y' — 2’) € F, which implies that (z" — ')
is not in Z which is a contradiction. Hence, p is a directed path in Z’. This completes the proof that
U(v) is strongly connected in Z'. The result follows. O
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Lemma 32. Given some v € H \ (T U {s}) we either have V' (v) = L' or ¥'(v) = U(v).

Proof. Suppose the converse: that there exists some v € H \ (T U {s}) with ¥'(v) # L’ and
U’ (v) # ¥(v). Since ¥'(v) # L', we have, by Lemma[31] that ¥(v) C ¥'(v). Since ¥(v) # ¥'(v)
we hence can choose some = € U’'(v) \ ¥(v). Since x € ¥’(v) we have a directed path (in Z'), p
(resp. ¢) in ¥'(v) from v to x (resp. x to v).

Suppose, for contradiction, that there exists some v’ € ¥’(v) with v/ € T. By the above we have
U'(v') = W'(v) # L. Note also that since v' € H’ we have v’ # z. Hence, by Lemma 28| we must
have that ¥/(v’) C T which implies (since ¥’(v) = ¥’(v')) that ¥'(v) C T which contradicts the
fact that v € ¥’(v). Hence we have that no element of T is contained in ¥’ (v).

Since \I/’(U) # 1’ no element of ¥’(v) is equal to s’. We hence have that the path p contains only
vertices in H' \ (T U {s'}). Hence, if some directed edge (' — y’) is in p and not in Z then (since,

by definition of Z, (y' — 2’) € F) we have (y — 2’) € J Wthh implies, by Lemmaglteml
that (y — ') € J' (because else, by Lemma Item' y',x' € 1’ (since y', 2’ € H' and hence
y',x’ ¢ {s,z}) which is a contradiction since y’, 2’ € ¥/(v) # L') and hence (v — ') € F/,

which implies that (z' — 3’) is not in Z’ which is a contradiction. Hence, p is a directed path in
Z. Similarly g is a directed path in Z . This implies that v and z are in the same strongly connected
component of Z. Hence ¥(v) = ¥(x) so € ¥(v) which is a contradiction. O

Lemma 33. Given some v,w € H \ (T U {s}) in which V' (v) # L’ then the existence of an edge
in G' from ' (v) to W' (w) implies the existence of an edge in G from ¥(v) to ¥(w).

Proof. Note first that since there is an edge in G’ going into ¥’(w) we must have ¥'(w) # L’. By
Lemma [32) we then have that ¥’(v) = ¥(v) and ¥'(w) = ¥(w). Since there is an edge in G’ from
U’(v) to W' (w) there exist vertices x € ¥/'(v) and y € ¥'(w) such that (x — y) € F'. Since
U'(v) # L' we have z # s'. Since ¥'(z) = ¥V'(v) # L' and (asv € ¥'(v) = U'(x) and v ¢ T)
U'(x) € T we have, by Lemma that ¢ T. We hence have that (z — y) € J’ and that 2 # &’
so, by Lemmaltem 1} we have (z — y) € J and hence there is an edge from « to y in F. Since
P/ (v) = ¥(v) and ¥'(w) = ¥(w), we hence obtain the result (since there is an edge in F from a
vertex in W(v) to a vertex in ¥ (w)). O

Lemma 34. Given some v,w € H \ (T U{s}) with U'(v) # L' then the existence of an edge in G
Sfrom U (v) to ¥(w) implies the existence of an edge in G’ from V' (v) to V' (w).

Proof. By Lemma [32) we have that ¥’(v) = ¥(v). Since there is an edge in G from ¥ (v) to ¥(w)
there exist vertices * € ¥(v) and y € ¥(w) such that (x — y) € F. Since ¥(v) = ¥'(v) and
s ¢ \IJ’(v) we have  # s. Since there is no edge in F that goes into s we must have y # s. If z
was in T then we would have ¥(v) = ¥(z) = T which contradicts the fact that v ¢ T. Similarly
y ¢ T. We hence have that 2,y # 2. Hence, (x — y) € Jand z,y ¢ {s, 2} so by Lemmagltem
Iwe either have that (v — y) € J orthat x,y € L'. Butif x € L, then since € ¥’(v) (since,
by the above, ¥’(v) = ¥(v)) we have that U’/(v) = L’ which is a contradiction. So (x — y) € J’
and hence (z — y) € F'. Since there is an edge in G that goes into ¥(w) we have that U(w) # L
so by Lemma 31| we have that ¥'(w) C ¥'(w) soy € ¥’ (w).
Suppose, for contradiction, that ¥’/ (v) = ¥’(w). We know that ¥’(v) # L’ and hence that U’ (w) #
1. By Lemma[32] we hence have that ¥(w) = ¥'(w) = ¥’(v) = ¥(v) which is a contradiction.
We hence have that ¥/ (v) # ¥/ (w).
We hence have (since z € ¥U(v) = ¥'(v) and y € ¥/ (w) and (z — y) € F') that there is an edge
in G’ from ¥'(v) to ¥’ (w). O

We have now proved Proposition [I9 Item (a) is Lemma [29] Item (b) is Lemma [32] and Item (¢ .
comes directly from lemmas [33]and [34]

F Proof of Optimality for Trees

In this section we prove that 0-Ising and longest—-path are optimal graph label prediction
algorithms on trees in the sense of [1, Theorem 1]. We note that the 0-Ising strategy when
restricted to a tree was already proved optimal in [1] where it was called “Halving.” Our proof
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of optimality of 1ongest—-path uses much of “proof technology” from [[1] so for the convenience
of the reader in the next subsection we recall their notation and definitions.

F.1 Ingredients from [1, Section 2]

Given a set L of edge-disjoint paths contained in a tree T, we say that [ € L is a grafted path if one
of the two terminal vertices of [ is also an internal vertex of another path I’ € L. This shared vertex
is called the graft vertex of [. We say that L is a connected blanket if:

1. The union of all paths in L forms a (connected) tree.
2. Every vertex in this (connected) tree can be an internal vertex of at most one such path.

3. Every grafted path in L shares with the remaining paths in L no vertices but the graft.

Finally, L is a blanket if it is either a connected blanket or it has been obtained by a connected
blanket after removing one or more of its paths. The size of a blanket L is the number of its paths
|L|. Note that a blanket need not include all edges of the original tree 7' . Also, observe that for
any size K < n, a size-K blanket over a tree " always exists: take L to be any set of K distinct
edges in T'; then no paths of L have internal vertices and the blanket property trivially holds. On the
other hand, a given tree T clearly admits many size-K blankets. Let £(7', K) be the set of all size-K
blankets over 1", and define the function LB (lower bound) as follows:

LB(T K) = | max ;Uogg(ll )] )

where |I| is the number of vertices in [. We state the lower bound for any graph label prediction
algorithm proved in [1]].

Theorem 35. [[Il Theorem 1], Given a tree T and a number K € N, then for any online prediction
algorithm A there exists a {0, 1} labelling, v, of T with cutsize at most K, on which algorithm A
makes at least LB(T, K) mistakes.

F.2 Proof of Optimality

Let X be the set of cut edges of T and let K := | X|. A subtree @ is called a 2-tree (resp. 1-tree) if
it is a subtree of 7" with an inner boundary of two vertices (resp. one vertex) and all vertices in its
inner boundary are leaves of it. Given a I-tree or 2-tree ) we let Q° be equal to () minus its inner
boundary. We have the following lemma.

Lemma 36. We can find a set S, of 1-trees, and a set T, of 1-trees and 2-trees , which satisfy the
following.

1. Any 1-tree in T has a single edge and that edge is cut.
2. The trees in S U T are edge-disjoint.

3. The union of the edges of the trees in S U T is equal to the edge set of T
4. |T| < 3K
5

. For every edge (v,w) in X we have a tree in T which has (v,w) as a single edge. Note
that this implies that |T| > K

6. Givenatree Q € S, where 0y(Q) = {v} for some v € T, then we have v € Jy(R) for some
ReT.

7. For any tree Q € T U S we have that Q° is identically labelled (i.e. there is no edge of Q°
that is in X.)

8. For any tree () € S we have that Q) is identically labelled (i.e. there is no edge of Q that is
inX.)

9. For any trees R,Q € S U T we have that no vertex in the inner boundary of ) is in R°.
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Proof. Note first that in the following proof we may create subtrees containing a single vertex - such
trees can be discarded. We prove by induction on K. For the base case K = 1 let {(v,w)} := X.
Let @) be the tree containing the single edge (v, w) (Note that )° has at most one vertex and is hence
identically labelled). Let A be equal to the set of 1-trees with inner boundary {v} or {w} such that
the trees in A U {Q} are edge-disjoint and the union of edges of the trees in A U {Q} is equal to the
edge set of T. We then have S := A and T := {Q}. Itis easy to check that all the statements of the
lemma hold in this case.

Suppose that the inductive hypothesis holds for K = «. We now consider the case that K = x + 1:
In this case choose an edge e € X and define X’ = X \ {e}. Since |X’| = « we can find, by the
inductive hypothesis, sets S’ and T’ to be equal to S and T (respectively) in the lemma if the set of
cut edges was equal to X' (instead of X). Let S be the (unique) tree in S’ U'T’ that contains the edge
e. Note that if S was a 1-tree in T’ then by Lemma [36] Item [1] we would have that S had a single
edge and that edge would be in X’ and hence not equal to e which would be a contradiction. Hence,
if S'is in T’ then it has two inner boundary vertices. We hence have three cases.

1. S € S': In this case let (v, w) := e where v is closer than w to the inner-boundary vertex
of S. Let S’ be the maximal subtree of .S with leaf v that does not contain w. Let @ be the
tree containing the single edge (v, w) (Note that (Q° has at most one vertex and is hence
identically labelled). Let A be equal to the set of 1-trees with inner boundary {v} or {w}
such that the trees in A U {S’, Q} are edge-disjoint and the union of edges of the trees in
AU{S’, Q} isequal to the edge set of S. Let T := T'U{S’, @} (noting that by the inductive
hypothesis we have |[T| =2+ |T'| <243k < 3(k+ 1) =3K)and S := (' \ {S}) UA.
By the inductive hypothesis (i.e. the conditions on S’ and T”) it is easy to check that all the
statements of the lemma hold in this case.

2. S € T’ and e is on the path between the inner boundary vertices of S: In this case let
(v,w) := e. Let S’ (resp. S”) be the maximal subtree of S with leaf v (resp. w) that
does not contain w (resp. v). Let @ be the tree containing the single edge (v, w) (Note
that @° has at most one vertex and is hence identically labelled). Let A be equal to the
set of 1-trees with inner boundary {v} or {w} such that the trees in A U {5, 5", Q} are
edge-disjoint and the union of edges of the trees in AU {S’, 5", @} is equal to the edge set
of S. Let T := (T"\ {S}) U {S”, 5", Q} (noting that by the inductive hypothesis we have
[T| :==2+|T'| <2+3k < 3(k+1) =3K)and S := S’ UA. By the inductive hypothesis
(i.e. the conditions on S’ and T’) it is easy to check that all the statements of the lemma
hold in this case.

3. S € T’ and e is not on the path between the inner boundary vertices of S: In this case
let {z,y} be the inner boundary of S and let (v,w) := e. Let z be the vertex where
the path from v to y first meets the path from z to y. Without loss of generality let v
be closer to z than w is. Let S’ (resp. S”) be the maximal subtree of S with = and
z (resp. y and z) as leaves. Let R be the maximal subtree of S that has leaves z and
v. Let ) be the tree containing the single edge (v,w) (Note that (J° has at most one
vertex and is hence identically labelled). Let A be equal to the set of 1-trees with inner
boundary {v} or {w} or {z} such that the trees in A U {5, 5", Q, R} are edge-disjoint
and the union of edges of the trees in A U {S’,5”,Q, R} is equal to the edge set of S.
Let T := (T"\ {S}) U {5”,5',Q, R} (noting that by the inductive hypothesis we have
IT| :==3+|T'| <3+3k=3(k+1) =3K)and S := S’ UA. By the inductive hypothesis
(i.e. the conditions on S’ and T’) it is easy to check that all the statements of the lemma
hold in this case.

O

Let S and T be as in the above lemma. Let J := [ J{0,(S) : S € SUT}. Givenv € J let S(v) be
the set of trees in S that have an inner boundary of {v} and let T'(v) be the set of trees in T that have
v in their inner boundary.

Lemma 37. We have |J| < 6K
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Proof. By Lemma[36]Item[6] we have that any vertex in .J is in the inner boundary of a tree in T and
there are (as for all @ € T we have that () has an inner boundary of cardinality of at most two) at
most 2|T| such vertices. The result then follows by LemmaItem O

Lemma 38. Suppose we have some v € J. Then after we have received at least one example in R°
for o of the trees R € S(v), where o := |T(v)| + 1, we will no longer make any mistakes on any of
the trees in S(v).

Proof. Let y be the true labelling of T and let y(v) denote the label of vertex v. Without loss of
generality assume that y(v) = 1. We first note that by Lemma 36| Item [8] we have, for all R € S(v),
that every vertex a in R satisfies y(a) = 1 (since v € R).

Suppose we have received at least one label in R° for « of the trees R € S(v), where o := |T(v)|+1.
Then let u be a consistent (with the observed examples) labelling of 7" that minimises the cut. Given
some () € T(v), define zq to be the vertex in () that is adjacent to v. Let C := {(v,2q) : Q €
T(v)} UU{E(R) : R € S(v)}. Then the restriction of u to the vertices in the edges in C' minimises
the cutsize in C given the observed examples and the labels {u.,, : Q@ € T(v)}.

By labelling all the vertices in [ J{V(R) : R € S(v)} 1 we get a cut in C of size no greater than
|T(v)|. Butif u, = 0 we get a cut in each of the trees in S(v) for which we have observed a label
in, giving us a cut in C of size at least |T(v)| + 1. To minimise the cutsize in C' we must hence have
that u,, = 1.

Hence, given atree R € S(v), the restriction of u to R minimises the cutsize in R given the observed
labels and conditioned on u, = 1. This cutsize is 0 if and only if all vertices in R are labelled 1.
Hence, u,, = 1 for all vertices w € V(R), so no mistake will be made in R. O

Let U be the set of trees R € S in which a mistake is made in R°.
Lemma 39. We have |U| < 12K

Proof. By Lemma 38| we have that:

U< (T +1)=]J]+ ) [T(v)| = |J] +2/T| (6)

veJ veJ

where the last equality comes from the fact that for each tree S in T we have that S appears in at
most two of the sets in {T(v) : v € J} as it has at most two vertices in its inner boundary. By
Lemma[37 and Lemma[36]Item (] the result follows. O

Lemma 40. Given a tree S € T UU, the number of mistakes made in S° by the longest-path
and 0-1sing strategies is bounded above by 3log,(D(S) + 1)) + 5.

Proof. Let y be the true labelling of T. Define a labelling, ¢, of S to be as follows. For v € 9,(5)
we have g(v) := 0. Forv € S\ 9)(S) we have §(v) := 1. Define the full-algorithm to be the
algorithm run on 7" with labelling y. Define the sub-algorithm to be the algorithm run on .S with
labelling 9.

Since, by Lemma[36]Item[7} S° is identically labelled, by Theorem [4] the number of mistakes made
by the full-algorithm in S° is no greater than the maximum number of mistakes, M, that the sub-
algorithm makes in S \ 0y(S) after it has received the labels on 9,(S). We hence consider the
sub-algorithm.

Since the cutsize of § is no greater than 2, M < M; 4+ My + 3 where M; is the number of mistakes
made by the sub-algorithm in the PQ game of cutsize i. Let Gy (resp. Go) be the PQ graph at the
start of the PQ game at cutsize 1 (resp. cutsize 2 (in the case that S is a 2-tree)). By Theorem@]there
exists 1 (resp. 2) edge disjoint paths p (resp. p, q) in G (resp. G2) such that M; < 14 log,(|p])
(resp. My < 1+ logs(|p|) + logy(lg|)). But |p| < D(S) + 1 (resp. |pl, |¢| < D(S) + 1). We hence
have that My < 14 log,(D(S) + 1) (resp. Mz < 1+ 2logy(D(S) + 1))

We hence have that M < 3logy(D(S)) + 1) + 5 which, by the above, is an upper bound on the
number of mistakes made (by the full algorithm) in S°. O
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Lemma 41. The number of mistakes, M, made by the Llongest—-path and 0-Ising strategies
are bounded above by:
M< Z 141og,(D(S) + 1)) @)

SeTul

Proof. Givenatree S € SUT let M(S) be the number of mistakes made in S°. By Lemma[36|Item
[]and the definition of .J every vertex in T is either in J or in S° for some S € S U T and hence the
number of mistakes made in 7" is upper bounded by:

M+ Y M(S) (8)
SeTUS
=7+ Y M(S) )
SeTuU
<1+ D (3logy(D(S) +1)) +5) (10)
SeTulU
<6K+ Y (3logy(D(S)+1)) +5) (11)
SeTulU
< ) (3logy(D(S) + 1)) +11) (12)
SeTul
< Z 141og,(D(S) + 1)) (13)
SeTul

where Equation |§| comes from the definition of U (i.e. for all trees S € S \ U we have M (S) = 0),
Equation [T0] comes from Lemma [40] Equation [TT] comes from Lemma [37] and Equation [I2] comes
from Lemma[36] Item [3 O

We now define the following paths.

Definition 42. For any 1-tree S € UUT define p(S) to be a path in S containing its inner boundary
vertex that has maximum length. For any 2-tree S € T let \(S) be the path between the inner
boundary vertices of S. Let N (S) be a path in S that has a leaf in \(S) and is edge disjoint from
A(S) that has maximum length. Let p(S) = argmax,c (x(s),»(s)} Pl

For the following we define the constant o := log,(4/3)/ log,(2).
Lemma 43. For any tree S € UU T we have log,(|p(S)|) > logy(3D(S) + 1) which is bounded

below by alog,(D(S) + 1).

Proof. Direct from the definition of p(S). O
Lemma 44. {p(S) : S € UU T} is a blanket of cardinality at most 15K.

Proof. We have, by Lemma[36]items[2] [3] and@, that {p(S) : S € U}U{A(S) : S € TIU{N(S) :
S € T} is a connected blanket. So since : S € UUT}isasubsetof {p(S) : S € ULU{A(S) :

SeTrU{XN(S):SeT}itisa blanket The cardinality of {p(S) : S € UU T} follows from
Lemma 3§ Item 4l and Lemma 39 O

We now define the following blanket.
Definition 45. For i € N inductively define:
Si = argmaXSG(UUT)\{Sj:j<i}(‘p(S)D (14)

and define B := {p(S;) : i € Ng}.
Lemma 46. B is a blanket of size K which satisfies:

> loga(lp)) = = D logs(D(S) +1). (1s)

peEB SeuuT
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Proof. By Lemma [44] B is a subset of a blanket and is hence a blanket. ~Since B has
K elements it has, by Lemma (44| at least {cth of the elements of {p(S) : S € U U
T}. So, since in forming B we picked the paths of greatest cardinality, we must have that
Spesl0s(Ipl) > 5 e pesy-scoum 08a(lp]) = &5 Sscuur [p(S)] which, by Lemma #3] is
at least 1% > gcpur loge (D(S) + 1). O

Theorem 47. The number of mistakes M incurred by the 1ongest—-path and 0-I1sing strate-
gies on a tree are bounded above by:

210

o Zlogzﬂp‘) (16)
peB

where « := log,(4/3)/1logs(2). So since B is a blanket of size K the algorithm is, up to a constant

factor, optimal (by Theorem 33)).

Proof. Direct from Lemmas 4] and 46| O

G Computing the predictions of the 0-Ising strategy is NP-hard

Theorem 48. Computing the predictions of the 0—1sing strategy (see equation (1)) is NP-hard.

G.1 Proof of Theorem (48]

NB: Whenever we mention “graph” in this section we mean a graph with source (label “0”) and
target (label “1”) vertices.

Given a graph 7, let L(7) and T (7) be the source and target vertices of J respectively. We define
a label consistent labeling of J to be a labeling v of J such that uy(gy = 0 and UT(7) = 1. We
define the cutsize of J to be the minimum cutsize of a label consistent labelling of 7. We define
Z(J) to be the number of label consistent labellings of 7 that have cutsize equal to the cutsize of

In this proof we assume that we have an oracle (i.e. a black-box that takes constant time) test(-, -)
that, given an input graph 7, of cutsize K, and an input vertex z € V(7), outputs “0” if there are
fewer label consistent labelings of cutsize K that label z as “0” than those that label z as “1” and
outputs “1” otherwise. From test(-, -) we will construct a polynomial time algorithm for counting
the number, Z(G), of label-consistent minimum cuts in a graph G. Since the task of counting
the number of label-consistent minimum cuts is #P-hard [10]], we hence have that test(-,-) (i.e.
computing equation (T))) is NP-hard. Let n be the number of vertices in G.

Definition 49. Given a graph C with cutsize L < n we define the graph C* as follows:

1. There exists a set X C V(C*) of n + 1 — L vertices such that X NV (C) = 0 and
V(C*)=XUV(C)

2. L(C*) = L(C)and T(C*) = T(C)

3. E(C*)=EC)U{(L(C),z) :xz € X}U{(x,y) : z,y € X,x Ay} U{(x, T(C)) : x € X}
Lemma 50. Given a graph C with cutsize L < n the graph C* has cutsize n+1 and Z(C*) = 2Z(C).

Proof. Since none of the vertices on the edges of {(L(C),z) : z € X} U{(z,y) : x,y € X,z #
y} U{(z, T(C)) : z € X} arein V(C) \ {L(C), T(C)} we have that for any min-cut (and label
consistent) labelling of C*, the restriction of that labelling onto C has cutsize L. So suppose we have
a (label consistent) labelling u of C with cutsize L. We now extent to a labelling u’ of C*.

If ), := 1 for every x € X we clearly have a cutsize of n + 1 (L cuts in E(C), n + 1 — L cuts
in {(L(C),z) : x € X} andnocuts in {(z,y) : z,y € X,z # y} U{(z, T(C)) : x € X}). If
ul, := 0 for every x € X we also have a cutsize of n + 1 (L cuts in E(C), n + 1 — L cuts in
{(z, T(C)):x € X} andno cuts in {(L(C),z) : x € X} U{(z,y) : x,y € X,z # y}).
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Now suppose that the above two conditions don’t hold: i.e. that we have vertices =,y € X with
Uy := 0 and u, := 1. Then we have at least one cutin {(z,y) : 2,y € X,z # y}. Let X3 := {z €
X tu, =1} and let X := {x € X : u, = 0}. Then we have |X1\ cuts in {( €),z) 1z e X}
and | Xo| cuts in {(x, T(C)) : # € X} giving a total of at least n + 1 — L cuts in the union of these
two sets. Adding the L cuts in V(C) gives us a total of over n + 1 cuts.

So the cutsize of C* is n + 1 and moreover every (label consistent) labelling u of C of cutsize
L extends to exactly two labellings of C* of minimum cutsize. Hence we have that Z(C*) =
2Z(C). O

Definition 51. Given two graphs C and D, define the merger graph, [C, D), as follows:

1. The structure of [C, D] is the graphs C and D with T(C) and L(D) merged into a single
vertex. i.e. we have a new vertex z such that V([C,D]) := (V(C) \ {T(C)}) U (V(D) \
U

{L(D)})U{z} and E([C,D]) = (E(C)\{(v, T(C)) : v € V(C)}) U{(v,2) : (v, T(C)) €
EC)} U (E(D)\{(L(D),v) :v e V(D)}) U{(z,v) : (L(D),v) € E(D)}.
2. 1([¢c,D)]) == L(C)

T([¢, D)) := T(D)
Lemma 52. Given graphs C and D of cutsize n + 1 we have the following:

1. [C, D] has cutsize n + 1
2. Z(I¢,D]) = Z(C) + Z(D).

3. Given that z is the vertex formed from the merger of T(C) and L(D) then the output of
test(z, [C, D)) is equal to 0 if Z(C) < Z(D) and equal to 1 otherwise.

Proof. Let z be the vertex formed from the merger of T(C) and L (D). Suppose we have a (label
consistent) labelling, u, of [C, D). If u, = 0 (resp. u, = 1) then there are at least n + 1 cuts in the

edges (E(D)\{(L(D), v) : v € V(D))U{(z,0) : (L(D),v) € E(D)} (resp. (EC)\{(v, T(C) :
veV(C)HU{(v,z) : (v, T(C)) € E(C)}). Hence, we must have that [C, D] has a cutsize of at least
n + 1 and furthermore that u has cutsize n + 1 if and only if u, = 0 forevery x € V(C) \ {T(C)}
(resp. uy = 1 forevery x € V(D) \ {L(D)}). So since there are Z(D) (resp. Z(C)) labellings of
{z}UV(D)\ {L(D)} (resp. {z} UV(C)\ {T(C)}) that label z as 0 and T (D) as 1 (resp. label z
as 1 and L (C) as 0) and have n + 1 cuts in the edges (E(D) \ {(L(D),v) : v € V(D)}) U{(z,v) :

(L(D),v) € E(D)} (resp. (E(C) \ {(v, T(C)) : v € V(C)}) U{(v,2) : (v, T(C)) € E(C)}) we
have that there are exactly Z(D) (resp. Z(C)) label consistent labellings of [C, D] that label z as 0
(resp. z as 1) and have cutsize n + 1. All the items of the lemma follow. L]

Definition 53. Given some o € N,, we define Q(«) as follows:

1. There exists a set A of « vertices such that 1(Q(«)), T(Q(a)) ¢ A and V(Q(«a)) =
{1L(Q(a)), T(Q(a))} U A.

2. B(Q(a)) = {(L(Q(@),v) : v € 4} U{(v, T(Qa))) : v € A}

Given, for some [, the sequence (g, aq,...,;) with a; < a;+1 < n we now define a
graph B (o, a1, ..., ;) that has a label consistent minimum cutsize of n + 1 and such that

Z(%(Oéo, aq, ...,Ozl)) =2 2220 2%

Definition 54. Given, for some [, the sequence («g, a1, ..., ) with oi; < a1 < n we inductively
define B(ay, aq, ..., aq) as follows:

]. gB(Oéo) = Q(Oéo)*
2. B(ag, a1,y q) = [Q(ag)", By, az..., ap)]

Lemma 55. Given, for some l, the sequence (o, aq,...,q;) with a; < a;11 < n we have that
B(ag, a1, ..., aq) has a cutsize of n + 1 and Z(B(ag, a1, ..., q)) 1= 2 22:0 20,

30



Proof. Noting that Z(Q(ap)) = 2°¢ and hence, by Lemma[S0] Z(Q(ap)*) = 2 - 2%° and Q(ap)”
has cutsize n + 1, the proof is direct by induction on [ using items [[and 2] of Lemma 52} O

Lemma 56. Z(G) < 2"
Proof. Note that there are 2" labellings of G which implies the result. O

The following algorithm calculates Z(G) (unless Z(G) = 1 in which case computing Z(G) is done
by running test([B(0),G*], z) (where z is the vertex formed from the merger of T (28(0)) and
LG

Algorithm 57. Throughout the algorithm we maintain a graph J, which is equal to
B(ag, a1, ..., aq) for some | and sequence (g, oy, ...,op). J is initialised to be equal to B(n).
The algorithm loops over the following:

1. Let B(ap, 01, ...,0q) := J. Construct the graph [J,G*]. Let z be the vertex in [T, G*]
Sformed from the merger of T(J) and L(G*).

2. Run test([J,G*],2). If the output is 1 then set J + B(ap — 1, 1,2, ...,q;). If the
output is 0 then run the following:

(a) Construct the graph [[B(0), J],G*]. Let 2’ be the vertex in [[B(0), J], G*| formed
Sfrom the merger of T([B(0), J]) and L(G*).
(b) Run test([[B(0),J],G*],z"). If the output is 1 then the algorithm terminates out-
putting Z(G) + 1+ Zi:o 2%, If, instead, the output is 0 we set J + B(ag —
]., Qpy, Oy eeny O[l)
Theorem 58. Given an oracle test(-,-), Algorithm[57 outputs Z(G) in polynomial time.

Proof. Note first that by Lemma [50] and Lemma [52] Item [T all graphs, C, in the algorithm satisfy
Z(C)=n+1

Since, by Lemma|[56] we have that Z(G) < 2" we can find, for some I, 8y, 51, ..., B € Z such that
B1 >0, B < n, forall i we have 8; < B;11 and Z(G) = 1 + Z’li:q 2%, By Lemmawe have
Z(G*) =22(G)=2 (1 + Zé:q Qﬁi>. Let J; be the graph 7 at the start of the t" loop.

We prove, by reverse induction (i.e. from [ to 0) on j < [ that there exists a ¢ such that
T = B(Bj,Bj+1, .-, B1). We first show the base case: that there is some time ¢ such that 7; = ;.
To see this suppose at some time ¢’ we have that Jr = B(3’) for some 8 > ;. We consider
the (¢')™ loop. By LemmaItem and since Z(G*) < 2-2-20 < 2.20" = Z(J,) (where
the last equality comes from Lemma [55)), the result of test([J;/, G*], z) is 1. We hence have that
Ji+1 = B(B — 1). Hence, since J; = B(n) and n > §; we have that Ji4n—p5, = B(5).
We have hence proved that the inductive hypothesis holds for j = [ so now suppose it holds

for some 0 < 5 < [. We now show that it holds for j — 1. Since it holds for j choose
t"” such that Jpv = B(B;,Bj+1,-.-.31). We consider the (¢)" loop. By Lemma [52| Item

and since Z(G*) > 2 (1 + Bo+ Zli:j 2Bi) > 2 Zé:j 20i = Z(Jm) (where the last equality
comes from Lemma [53)), the result of test([J,G*], 2) is 0. By Lemma [52] Item [3] and since
Z(G*) > 2 <1 + Bo + Zé:j 25i> > 2 (1 + Zﬁzj 2ﬁ1> = Z([B(0), Jz]) (where the last equal-
ity comes from Lemma [55), the result of test([[B(0), J;~],G*],2’) is 0. We hence have that
Jvr41=B(B; — 1,55, Bj41, ..., fi). Note now that if 5; —1 = ;_; we are done. Else we have (as
Bj—1 < B;)that 8; —1 > B;_1. Now suppose we have some ¢’ with J,, = B(5’, 5, Bj+1,---, B1)
for some 3 > B;_1. We consider the (#') loop. By Lemma [52| Item [3| and since Z(G*) <
2 (2&'-1 + Zé:j71 251') = 9 (2 .9Bi-1 o Zé:jfl 2[31) < 2 (2,8/ 4 Zé:jfl Qﬁi) = Z(Jv)
(where the last equality comes from Lemma [55), the result of test([J;/,G*], 2) is 1. We hence

have that 711 = B(8’' — 1, 55, Bj+1, ...01). Hence, since Jyr 1 = B(B; — 1, B, Bj+1, ..., f1) and
Bj —1 > Bj_1 wehave that Ty 15,5, _, = B(Bj-1, B, Bj+1, -, B1). This completes the proof of
the inductive hypothesis.

By the above we have that there exists a time ¢ such that J; = 9B(fo,51,...,5). We
now show that the algorithm outputs at time ¢{. By Lemma Item [3| and since Z(G*) =
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2(1—}—25:0 2/31> > 2%0 20 = Z(J) (where the last equality comes from Lemma
55), the result of test([Jy,G*],z) is 0. By Lemma Item [3| and since Z(G*) =
2 (1 +3¢, 251') = Z([B(0), Jiv]) (where the last equality comes from Lemma , the result

of test([[B(0), Ji],G*], z) is 1. The algorithm hence outputs at time * with output 1 + $2¢_ 27
which is equal to Z(G). The algorithm hence outputs correctly.

We now show that given an oracle test(-, -), Algorithm [57|runs in in polynomial time. Note first
that it is clear that each loop takes polynomial time. Hence, all that is required to show is that there
is a polynomial number of loops. Let B(3{, 8%, ..., Bit) := J;. It is clear that for all ¢ we have

{1 = Bt —1 and hence, since 8} = n we have at most n + 1 loops. This completes the proof. [

Since, with an oracle test(-, -), Algorithm solves a #P-hard problem in polynomial time we must
have that test(-, -) is NP-hard.
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